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"~ ABSTRACT

Ton; Green County lies ‘in thel discharge zone of fhe "Permian B‘asi'.n regioﬁal
flow system in West Texas. Hydrochemical facies and i'oni’c> ‘ra‘tio's of major
chémical constituents indicate thaf_ much of the saline grouhd" water in. the area is
a mi.xt,l‘lre of suBsurféce_ brine flowing eastard from the Permian Basin and locally
reéhafged, shéllovﬂy cirtulating meteoric water. Aqu‘ifers that contain relatively fresh
water in outCroppihg Paleozoic rocks contain brine and hydrocarbons as shallow as
 _2:00 to 900 ft (60 to 276 m) just tens of miles to the west. Chemical c‘ompo's'ition
of ground water fs stvrongly associatedb with the outcrop of Paleozoic férmations
from- which brine is discharged. |

vThreje major'mechan'isvms for mixing of subsurface brine and sha"ow“ground"
water cou»ld be documented by test drilling but is not reflected in the chemical
composition of the mixtures because of‘ the c,heniical sirhilarity betwgen -na'tﬁral
brine in shallow‘ units andv bri'né that flows ,intd the shallow s»ub.‘surféc‘e from the
deeper Colemari.“Junc‘tion Formation via insuffic‘ie‘ntly 'plugged holes. (1) The
presence of brine and thus of natural discharge at shallow depth below ‘the ‘base of
” fresh water in the Pevrm.ian' San Angeli(‘) F‘orrﬁation of central Tom Green ’Co‘unty
-Was proven by teth ‘drilling.vi (2)-'vaa.ndoned, expldration holes aﬂow upWard flow of
brine w}here .depths‘b-f's'urféce casing and plugs are less th'.an-t.h‘e base vof fresh
water. ‘VSV‘ee‘page’ of brine frov;n the o.verpressuured Célemaﬁ Juncvtion‘ Formation ‘into
the shallow subsurface was obsefved m one hole and is vsug'gested-'.b_y test drilling
in another. (3) L‘evach,ivng of "sélt'from soil underlying formei:brihe;dispdﬁal sités is
an ongoing process even 20 yéérs éf,ter disc‘ohtinubation of the brine disposal-

mieth.od., Water s'am'ples coilected‘ during drilling into former ‘pit‘svwere highly
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~ABSTRACT

Tom Green County l|es in the dlscharge zone of the Permlan Basin re‘glonal :
flow system in West Texas Hydrochemlcal faC|es ‘and ionic ratios of major .
chemlcal constrtuents mdrcate that much of the sallne ground water in the area is
a muxture of subsurface bnne flowmg eastward from the Permlan Basm‘ and locallyy
recharged shallowly C|rcu|at|ng meteonc water Aquers that contam relatlvely fresh_l ;
:water in outcroppmg Pale020|c rocks contaln brlne and hydrocarbons as shallow as
200 to 900 ft (60 to: 270 m) jUSt tens of mlles to the west Chemlcal composmon '

of - ground water is strongly assocrated wrth the outcrop of Pale020|c formatlons

: from WhICh brme is dlscharged

Three major mechamsms for mlxmg of subsurface brme and shallow ground;‘ﬂf:’ .

water could be documented by test drllllng but is_not reflected in the chemlcal'»_f’,
' composrtlon of the mixtures because of the chemlcal 5|m|lar|ty between natural
_‘brlne m shallow units and brme that flows |nto the shallow subsurface from the
deeper Coleman Junctlon Formatlon via |nsuff|C|ent|y plugged holes (1) The
‘;presence of brme and thus of natural dlscharge at shallow depth below the base of
,fresh water |n the Permlan San Angelo Formatlon of central Tom Green County

‘.was proven by test drllllng | (2) Abandoned exploratlon holes aIlow upward flow of

brlne where depths of surface casmg and plugs are less than the bas" :

'of fresh»

| water Seepage of brme from the overpressured Coleman Junctlon Formatlon mto,:} e

 the shallow ‘sub’surface was observed in one hole and is suggested by testv drlllmg‘ -

in another | (3) Leaching of salt from 50|l underlymg former brlne dlsposal‘:srtes is

an ongorng process even 20 years after drscontmuatlon of the brlne dlsposal—

: method._ Water samples collected durlng dr|ll|ng into former plts were hrghly



saline. The presence of a fourth mixing mechanism of brine and shallow ground
water via abandoned water wells could not be proven. No recofds exist on deep
water wells that were drilled into saline portions of aquifers and that were
abandoned without plugging.

Geochemical differentiation between shallow subsurface brine and brine from
deep Pennsylvanian reservoirs as well as identification of mixing between shallow
ground water and the shallow brine system was made possible by (1) using
bivariate plots of Ca, Mg, Na, and SO4 concentraiioﬁs and of Br/Cl ratios versus
chloride concentrati‘ons, (2) using bivariate plots of CI/SO, ratios versus SO,
concentrations and versus Na/Ca ratios, and (3) determining anomalous
: hydrochemicél facies. Organic acids, isotopes of hydrogen, oxygen, carbon, and
sulfur, and minor and trace constituents other than bromi‘de did not provide

significant infbrmation in this study.
INTRODUCTION

Saline to brackish ground water is found in many water‘ wells in the Concho
River valley of West Texas. Richter and Kreitler (1985) determbined that poor-
quality water in Tom Gre'e‘n, Runnels, and Concho Counties (fig. 1) might be due
to natural discharge of subsurface brineé, upward movement of brine across
confining beds through unplugged water wells and oil wells into aquifers, seepage
of séline,water from rocks benéath former brine-disposal pits, ahd evaporative
concentration of ground water from Shallow water tables that have risen in
response to changed agricultural landscaping and increased recharge. Many ground-
water samples having high salinity from western Tom Green County appeared to

be influenced by mixing of fresh water and subsurface brine. A common concern
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Figure 1. Simplified geologic map of Concho River watershed (modified from

American Association of Petroleum Geologists, 1973).



is that» recent changes in ground~wka‘ter salinity migﬁt be due to oil field activities,
such as seepage from abandoned brvine—dbisposalr bits and.‘fror'n' oil wells with Iéaky
c‘asir‘lg‘s. | |

’This investigation was designed to characterize chemical variations in fresh
ground watersiand subsurface brines .in Tom Green an.d eastern Irion Counties,
vTexas, to characterize ground water associated with possible sourceé of saline
‘water, a‘nd to develop diag‘nostbic hydrochemical tools to recdgnize and Ioéate _
sourceélof saline ground water inb shallow aq'uifers.. Regional avnd.local‘
hydrogeologic controls on natural ocCurrenCe of saline water in the study area must
be understood to establish a baéelin_e for documenting‘a‘nthropogeni-c salinity
effects. Sélinity and hydrqchemical facies distributions in shallow ground waters
are examined, chem‘ical variations arﬁong s'dbsurface,b'r’inesb.a'revdiscussed. and
'c.hemica'l similarities Between shallow ‘ground',waters_ and subsurface brines are
indicated. We use the term "‘shallow ground water” to refer to potable water
supplies’ in aduifers at depths of less than about 400 ‘ft (120 m). “'Subsurface
brine” refers to water of high salihity'v ty'pi‘cally b‘associa»te'd with oil fields and

commonly occurring at depths o.f‘g‘reéte‘r than 1,000 ft (300 m).
Hydr.o'geolbgic’ Setting

The study area in T'om>Greevn‘, ‘andv’éastvernjv Irion Counties (fig. 1) is at the
eastern ‘edg‘e of the Southern Great ,Piaiﬁs pﬁysiographic pff)vince. Th“e> Southern
Great Plains is inclined to the southeast from altitudes of 6,000 to 8,000 ft (1.800
to 2,400 m) in eaétern New Mexic§ to altitudes of 1,500 to 2,000 ft (450 té 600

m) in Central Texas. Physiography of the study area includes flat alluvium-floored



valleys, formed by the Conchb‘ River and its tributaries, sep>arated‘from the gently
rolling, dissected upland of the Edwards Plateau by an escarpment with a
maximum height of apbfoximately 100 ft (30 m). - | |

Cretaceous carbonate rocks that underlie the Edwards Plateau in the study
" area unconfor-mva‘bly overlie Per‘mia.n sandstone, carbonate rock, anbd shale, which
were deposited on the eastern shelf o.fvthe Midland Basin and whibch» d‘i_p. to the
west. The Comanche Peak Iimestqng of the Fredericksburg Group and the Antlers
sandstone of the Triﬁity Gro‘up form two interconnected équifefs iﬁ Cretaceous
rock. Potable ground waters also véré prdduced from aquiférs in the Pefmian Clear
Forkband Pease River Groups (table 1); the.Permia‘n groups |n many areas of the -
Concho River valley ére cbvered by‘ PIe’is‘tocen'e and Quaternary ailuvfum’ (Willis, -
1954; Lee. 1986). . | | |

Drilling for and productioh of oll started in the area: in the early 1900's. Oil -
and oil shows were‘originally encountered at depths as shaliow aé 43 ft ‘(13 m)
below land surface (‘Udden and Phillips, 1911)."At present, oil and gas is produced -
from Paleozoic rocks at depths_ rénging from as shallow as 900 ft (270 m) in
Permian formations té greéter th.an 6,000 ft (1,800 m) in Ordovician rocks.
Subsurface brin_e is'pr‘evval‘ent throughout the_"Paleo.zoic section at varying depth
below land surface. Seepage hof salt water fvrﬁom this section at Iand‘surface is
widespread but nof just a recent phenor‘he‘nokn; The occurrence ‘of salt water at and
near land §urface :\./vas reported as eérly as 1911»(U‘dden énd Phillips, 1911). Upp’er,'
vPérmian focké that cbmpose fresh—wéte’r 'a(juifers beneath‘ the Concho River valley
contain brine and hydrocarbon's just tens of mil‘es> 'West‘ of the study area in the ‘
subsurface (McNeal, 1965; Core Laboratories,v1972). ‘For example, 'ﬁg‘ufe:Z shvoyvvvs

that salinity of subsurface water in the Upper Permian San Andres (Blaine)



Table 1.

and eastern Irion Counties,

Generalized stratigraphic chart for Tom Green

System Series Group Formation Lithology
Quaternary Holocene alluvium
Pleistocene Leona caliche and gravel
Washita Buda argillaceous |imestone
Edwards | imestone and dolomite
Cretaceous Comanchean |Fredericksburg | Comanche Peak | imestone
‘ Walnut mar| and clay
Trinity Antlers sandstone and shale
Upper Triassic Dockum undifferentiated sandstone and shale
Ochoan Quartermaster | undifferentiated sandstone and
gypsiferous shale
Whitehorse undifferentiated sandstone and
gypsiferous shale

Guadalupian

San Andres (Blaine)

sandstone

Pease River - * | San Angelo sandstone, gypsum, and
dolomite
Choza shale and dolomitic
| imestone
Permian Clear Fork Vale shale and dolomitic
| imestone :
Arroyo shale and marly
. | imestone
Leuders | imestone and dolomite
Leonardian Talpa
Grape Creek .
Wichita- Bead Mountain | imestone and shale
Albany Jagger Bend-Valera
Elm Creek '
Admiral
Coleman Junction
Wolfcampian
Cisco | imestone and
Virgilian shale
Missourian |Canyon ’ | imestone
Pennsylvanian | Desmoinesian|Strawn undifferentiated | imestone and shale
: Atokan sandstone,
Bend shale, and
Morrowan | imestone
Lower
Ordovician Ellenburger "Ellenburger" dolomite

Modified from Barnes (1972, 1974), American Association of Petroleum
Geologists (1973), and Lee (1986)
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Total dissolved solids in formation water from the San Andres

Formation (modified from McNeal [1965]).

Figure 2.



Formation varies from 50,000»mg/L in eastern Irion County to more than 200,000
mg/L in the Midland Basin to the west. |

The inflﬁence of regional and local topog.raphi_c relief on gro,l‘Jnd-Water‘row
paths (Toth, 1978) must be understood to distinguish correctly between naturally
| occurring saline waters and salt—wéter contamination in‘ Tom' Green 'and éastern
Irion Counties. Regional topographicfrélief across the Southern Great Plains imposes
a hydrodynamikcvgradien‘t on subsurface brine in Paleozoié rocks (McNeal, ‘1‘965:
Dutton and Orr, 1986; Wirojanagud and ofhers,.1986‘). Pbtenfiometric,sdrfaces of
- subsurface brinbes are inclined ‘toward the east, bindicafing ‘potential for eastvward
~ fluid flow toward formation outcrops (fig. 3). Eastward flow of subsurface water
across the Eastern Shélf probably influenced mig‘ratio-n ;)f hydrocarbovns into
reservoirs. The éast.wavrd ,fylz‘ow during _the pasf‘ ‘séverél .mililion ‘years. also has
probably t‘ra‘msported subsurface brin’e to ‘near flan‘d‘ ‘surfacev. whe‘re' the brine mi.xeS'
with Ioca"y recharged, shallowly circulating W:_at,er.‘ Richter and Kreitler (1986)
showed that brine at shallow (100 ft [30,mv]vv.) depths in the southern part of the
Rolling Plains northwest of the sttjdy. arli.ea are derived from deép parts of vvthe
Permian Basin. Comparison of potentiometric surfaces of hydrostratigraphic unit_s
in Paleozoic rocks mapped by McNeal (1965) in Tom Green énd eastern Irion
Counties indicates that there is pOtenti‘al for mo“vemer‘lt‘_ of‘s‘ubsu'r.face brine upward_
across confining layers toward'b discharge sites if pathways exist, such as throug_h
fractures and uinplugged boreholes. ,,'PotentiOnﬁeFrié surfaces 'of.‘ subs'ur‘face bﬁnesv, in |
the study area gen‘erally éré close to land surface in i:he Concho River val>ley‘.‘
This is consistent with obsér\)a'tions théti brine in the 'Permian Coleman Juhction
Fo‘vrm'ation (table 1), at approximate depthsbof‘1,500‘. ft (450 m) just east of Tom

Green County to 3,000 ft (900 m) in eastern Irion County, rises to near or



EXPLANATION.

2800 Hydraulic head
San Andres Formation

// outcrop

1 ]
T

o—T0

¥
100 km
Contour interval 400t

Figure 3.

510 mi

- Usa
S~ N
MEXICO -,

QA 8323

Potentiometric surface of the San Andres Formation based on ,
equivalent fresh-water hydraulic head ~(modified from McNeal [1965]).



somewhat above land surface in old well bores (Richter and Kreitler, 1985).
Potentiometric surfaces of shallow aquifer units are inclined towards the
Coného River and its tributaries (Lee, 1986). reflecting topographic control on flow
directions of shallow ground water. Lee (1986) reported that hydraulic head of
ground water increases downward from land surface beneath the Concho River and
decreases downward beneath the floodplains and plateaus adjacent to the river.
This pattern indicates that the rocks of the Edwards Plateau are local recharge
areas and that .ground—water discharge occurs primarily in the valleys of the
Concho River and its tributaries. Subsﬁrface brine in the Southern Great Plains
regional ground-water flow system also probably discharges at low elevations in the
Concho River valley, influencing ground-water quality in surface-water bodies and

fresh-water aduifers.
Methods and Data

in this study, we used data on the chemical compoéition of subsurface brine
collected at oil wells and shallow ground water at existing water wells and
specially drilled test wells as Well as existing chemical data compiled from reports
and computer files. To document local variation aﬁd hydrogeologic controls on
ground-water quality, chembical analyses and production-zone elevations of 646
samples of ground water in Tom.Green and eastern lrion Counties (app. 1) were
compiled from Work Projects Administration (1941). Willis (1954), Pool (1972).
Richter and Kreitler (1985), Lee (1986). and computerized and open-file records of
the Texas Natural Resources Information System. Well locations were digitiied

with Universal Transverse Mercator (UTM) coordinates from base maps.
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Reported analyses af the chemical composifion. of ground‘ water vary in
completeness and in aondition‘S' of,éam.ple tréat»mant._' Temperature, pH. and
alkalinity were not alwayS"mea>suredv'_on sita 'an'ditherefor'e are.uﬁreliable'
measurements of in situ values; p‘H commonly is not reported (app. 1). Thé
charge balance of anions and cations is almost always e\Xact, indicat}i‘ng that
sodium and potassium were determined together by calculating the difference (Hem,
1985, p. 164).

Seventeén' subsurface brinés were collec_tedaduring‘ two weeks in May and June
: 1986 to estabvlish whether ch'emvicfal‘ :co'mposition of water differs in oil and gas
.fields in Tom Green and eastern lIrion Counties (fig; 4) and whether diagno‘st.i(:
tracers of format»ion-sp‘ec‘ific brines vcoulvd be iden‘t{ified‘. Brines from the same
formation were taken frbfn différent_,ﬁelds. .buvt onlyv.‘one sample was collected at
each field. Care was taken to avoid s'ampling wells where natufal Subsufface brine
may have been contaminated by injected salt water. Files at the Central Records
Office and at the San Angelo Distﬁct Ofﬁce of the Railroad Commission of Texas
were révfewed to locate wells used for :salt—water injectiobn for disposal or for -
secondary oil recovery between 1965 and'ea,rly 1986. All fields that produce oil‘
from the San Andres and San Angelo Fornﬁations in the study areabcontain some
salt—water—injecvtion wells. To collect 'grv()ijh'dév&ater" brine that .‘is representative of
these formations, wells as far as possible from injection wells were sampled.

* Shallow ground—w‘ate‘r samples were collected .4uri‘ng April and May 1987. A :
commercial analytiél_laboratory in San Angelo, Te}gas. provided recent chemical
analysea of ground _v‘vater'that_ form'ed the baéi_s of a'sampling program for shallow
saline grom‘jndvvvaters.‘ Of more than 1,000 samples th‘at were analyzed between

1977 and 1987, 30 -samples with ,chloride concentratidns greater than 2,000 mg/L

11
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were identified. Niné of these 30 site‘s were resampled. Another four samples were
- obtained from water wells where salinity reportedly had increased.

. Six test holes were drilled by air—rotary‘method ‘for collection of shallow
ground-water samples from below the base of fresvh water. Test holes were drilléd
at sites whére salt water had been p_reviquély encountered by the land ovx‘l’nersv

during water-well drilling. After samples were collected, test wells were entirely

filled with cement. Eight water samples were obtained from 5 test holes; one test =~

hole was dry. Nonsaline water;bearing units encountered during drilling weré
sealed after a sample was taken, and thenﬂ drilling continued. Test holes were also
drilled by air-rotary methbd at three ébandoned'brine»—disposal pits. Soil sambl;es
were obtained in 5-ft (1.5-m) and in 10-ft (3-m) intervals during 'dfilling, and
‘water samples were collééted from -the shalloWest water éncounte.red. Soil samples
were weighed, ‘stored in preweighed plastic cups with screw-on caps, and kept on
iée in- the field be_forevvc»hloride concentration and moisture content were determined
in 'the. laboratory. |

Concentrations of chemical constituents are reported inv the ‘ta‘bléé“‘és ‘
rhilligrams per liter (vmg/L)'an'd‘ are plotted in dimensions'bf mg‘/Lb a_hd'
milliequivalents per liter (meq/L). -Divr"nensio'hs of meq/L are c‘alcuylated by
multiplying molar concenfrations of an individual constituent vby its valence and 'ar‘ev
used for (;ontrol of charge balancé of"a,.\/\‘/ate'r analysis (ébntro| of accuracy).
Conversion factofs from mg/tho meq/L are listed in appendix 2. |

Drillers” logs and plijgging reports for abandoned oil exploration bor.eholes were
used to evaluate pollution hazards of upwérd—flowifngvSubsurface brines. ‘Ari,:. :

abandoned dry hole was selected for test drilling to test the acéuracy' of plugging
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reports ahd to determine effectiveness of plugging. After a permit for reentering
and replqgging had been obtained from the Railroad Commission of Texas, the
surface plug was drilled out, and plug thickness and position were compared with
‘those of the original plugging report. A test hole 150 ft (45 m) down gradient
from the hole was drilled to test for bvrine leakage from the abandoned borehole.

To assess the potential for salt-water pollution from‘formér brine-disposal pits,
the amount of subsurface brine disposed in unlined pits in the study area during
1950 to 1969 was estimated by multiplying reported volume of oil production by
water /oil ratios for various leases in the study area. Two independent estimates
of water/oil ratios were made: onek was based on 4 representative years of data
reported in Form W-10, Oil Well Status Report of the Railroad Commission of
Texas; the AOth_er was derived from brine-production data contained in three
operator surveys conducted by the Railroad Commission of Texas. Response to
the salt-water surveys was voluntary and may be less complete fhan Form W-10
data. Water/oil ratios were calculated for individual leases from Form W—»lO-data.\’
and then éveraged; ratios from salt-water surveys are averages of total water and
oil produced (table 2).

Sampling Technique

Similar methods were followed for collection and treatment of both subsurfaée
brine and shallow ground water: methods differed onvly in the need‘to remove.oil
from subsurface brine.‘ The proportion of gas, oil, and water produced vfrom
sampled oil wells varied among ﬁelds. The water/oil ratio in fluid produced froim

some fields is high enough that adequate sample volume could be separated from
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Table 2. Data used to estimate amount of salt Water
produced from oil and gas fields
in Tom Green and flrion Countles 1950-1969. .

Water/Oil Ratios From W-10 Forms (bbl/bbl)
1953 1958 1964 1969

~arithmetic average 0.94 0.56 0.68 1.37
arithmetic median ~0.09 0.07 0.19 0.18
geometric mean 0.05 0.02 - 0.17 0.18
mean + 1 standard deviation 145 0.77 1.62 2.18
mean - 1 standard deviation 0.002 0.001 0.017 0.014
sample size 15 15 = 22 29

Water/Oil Ratios From Salt-Water Surveys

1957 1961 1967
~brine production (bbl i 3,434 2,285,129 2,397.417
oil production bbl 2,576,564 2,208,644 2,908,602
water/oil ratio (bbl/bbl) , 0.001 1.035 - 0.824

Cumulative Oil Production (1,000 bbl)!

1953 1958 1964 . 1969
6,428 17,458 30.726 42,220

Cumulative Brine .Production (1.000 bbl)

Water/Oil Estimate 1053 1958 1064 1969

arithmetic average 6.042 9776 20,893 57.841
arithmetic median 578 1,222 - 5,838 7,580
geometric mean 321 _ 349 5223 7,580
mean + 1 standard deviation - 9,320 13,443 49,776 092,040

‘mean - 1 standard deviation 13 17 522 591

! From Annual Reports of the Oil and Gas Division, Railroad Commission
of Texas.
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oil at the wellhead. At other fields with lower water/oil ratios, samples were
taken from a separator tank. Sampling followed methods for collection of oil field
waters recommended by Lico and others.(1982). Oil and water mixtures were
collected in a 1-gal bucket with a drum tap inserted in its side. Up to five
minutes was generally enough time for oil and water to separate; the water then
was drained from the drum tap through a glass-wool-lined funnel into a filter
chamber; the glass wool fehﬁovéd any remaining oil. Waters were filtered (A/E-
type glass filter or FO.45—,um membrane filter) under Nz—gas preséure ‘to remove
suspended solids and particulatéé. Acid-washed sample bottles ‘Were filled from the
stream of water leaving the filter.

Temperature was measured in thé fluid stream being ’sampled at the wellhead
or separatorvtank, Alkalinity and pH of some ,bsa’mples were measured at the well
site; malfunction of the field pH mefer required‘measurement of alkalinity and pH -
of nine samples approXimater 3 to 8 hours aftér collection. Standard sample
treatment immediately after collection preserved unstable constituents for chemical
analysis. Samples for cation analysis were acidified with 5 mL of 6N HCI per
500-mL sample. Fifty mL of ammonical SrCl, (Gleason, 1969) were added to 1-L
sample for precipitation of SrCO3 and analysis of 613C. Samples for analysis‘ of
534S of dissolved sulfate were acidified with 5 mL of 6N HCI per 500-mL sam-plev
and 5 mL of 5% Cd-acetate were added to prevent any dissolved sulfide ions from
oxidizing to sulfate. Samples for 5130 and 6D Weré collected in 250-ml glalss‘
bottles with screw-on caps. All oil field brines and 10 ground-water samples wefe
analyzed for aliphatic acid (carboxylic acid) anions (acetate, pfopionate, butyrate,
and valerate). These sambles were collected in 250-ml polyethylene bottles and
treated in the field with several drops of 5% HgCI2 to inhibit biological alteration

of organic acids.
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RESULTS
Salinity Distribution

Richter ahd Kreitler (1985) and Lee (1986) reéogniZed that patterns ofvhi’gh
chlorinity changed in Tom Green County between the 1940’s and 1970'5.‘
- Distribution of salinity i>nv‘Tovm" Green and eastern lrion Counties was reanalyzed in
t_his siudy to determine if salinity ‘.pvatter"ns correlateb'with” formation lithology and
local physiography. Figures'5 through 7 show that.vtotal aissélved soiids tends to
be less than 500 mg/L in the Cretaceous Iimesfones of the Edwards Plateau
(fig. 1) but greater than 1,000 mg/L in Concho River valley alluvium and
subéropping Pérmian‘ formaticb)rfsb. Thére'are. nvum:erouswa>ter sémples from Wells in
the valleys with total dissolved solids of"more thaﬁ 10,000 mg/L. Salinity of.
ground waters sampled priof to 1942 showla strong stratigraphic association wifh
the outcrop and subcrop'ofvPveArmian formations, .Which strike northeast across the
study avrea (figs. 1 and 5). Séli'nity dvi‘stribution ma‘pped from water samp’lyes
" collected between 1942 énd 1954 (fig. 6) and between 1955 and 1980> (fig. 7)
appea‘rsb to be less strongly controlled by Permian strata.‘ Overall salinity iﬁ the
Concho River Valléy appears fo have increased from pre-1942 to the early 1950’s
and then decreased dufing the‘v19v60's and 1970’s. The exact sa-linity patterns are
affected by davta availability because different sets of water analyses were used for
each map; changes in county-wide saI‘in‘i5ty distributions migﬁf not reflect changes

in water quality at any one well.
Hydrochemical Facies

Hydrochemical facies distributions reflect rock type and sample position along

ground-water flow paths. Hydrochemical facies are named for the ions that
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Prior to 1942 -
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Figure 5. Tofal dissolved solids in ground wéter in Tom Green and eastern
Irion Counties collected prior to 1942.  Variable contour interval (500-
1,000-2,000-3.000-10,000-50,000 mg/L). | L
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1942-1954
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Figure 6.  Total dissolved solids in ground water in Tom Green and eastern
Irion Counties collected between 1942 and 1954. Variable contour
"~ interval (500-1,000-2,000-3,000-10,000-50,000 mg/L).
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After 1954

Figure 7. Total dissolved solids in ground water in Tom Green and eastern
Irion Counties collected after 1954. Variable contour interval (500-
1,000-2,000-3,000-10.000-50.000 mg/L).
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account for at least 50 percent of total equivaient concentrat’ion as depicted in
Piper diagrams (Back, 1966). Mixed-cation and mi’xed—enion' hyd_rochemical facies
are waters in which no one cation or anion is dorninant (fig. 8). I\/I-ejor
hydrochemical facies in Tom Green and Irion Counties include Ca-HCO,. Na-HCOs.
and ‘mixed-cati‘on—HCO3 types in limestones of the Cre‘taceoius Trinity and
Fredericksburg Groups; mi)red-cation-CI, mixer:i-cation-SO4. and mixed-cation-mixed-
anion types in the Pleistocene Leona Formation and ot‘her ‘Qu‘aternary cerbonate
’gra\‘/els and sands beneath the Cencho River valley: and rNa—C-I“an‘d Ca—SO4 t‘ypesv
in Permian San A‘ngele. Vale, and Arroyo Fo_rmétions (table 1) that subcrop
beneath Pleistocene alluvium in the Concho River vablley' (fig. 9). In addition, Ne—
Cl, Ca—SO Ca—rnixed—anion' and'Na-mvixed—anion hydrochemical facies are locally
present in Western Tom Green and eastern Irlon Counties and are geographlcallyv
anomalous owmg to thelr posmon within large areas domlnated by other

hydrochernlcal facies (fig. 8).
Chemical Composition of Shallow Watersvwith High Chlorinity

Richter and Kreitler (1985) stated that ‘seurces of salinity can be most readily
detected in waters with high total >dissol'ved ‘solic‘ls (TDS) Therefore, sampling
conducted during this study emnhasized waters with relatively “high concentrations
of TDS. | - v |

TDS of speeially sampled shallow ground 'water ra‘nged‘ from 832
to 5,332 mg/L, and--chloride ranged ‘fronﬁ" 200 to 2,100 mg/L (table 3)
Con»centret‘ion‘renges‘in these samples-do not reflect normal water quality of
ground water in Tom Green ‘County but repre'sent‘ the most seline waters found at

existing water wells. In contrast, samples from previous water-resource
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Figure

8.

Piper diagrams of hydrochemical facies in shallow aquifers in Tom
Green and eastern Tom Green County. (a) Ca-HCO,. (b} Na-. Mg-,
and mixed-cation-HCO,. (c) Ca-SO,. (d) Na-Cl and Ca-Cl. (e) Ca-

and Na-mixed-anion. (f) Mg- and mixed-cation-mixed-anion, Mg- and

mixed-cation-SO4. and Mg- and mixed-cation-Cl.
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Map of hydrochemical facies in shallow aquifers of Tom Green and
eastern Irion County. Isolated occurrences of Na-Cl, Ca-SO,. and
Na— and Ca—mixed-anion hydrochemical facies are anomalous within
regions dominated by Ca-HCO, and Na- and Mixed-cation—-HCO,
facies in western Tom Green and eastern lrion Counties and suggest
contammatlon by oil field brine. Well locations of samples “shown in

ﬂvgures- 5 to 7.
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Table 3. Chemical and isotopic analyses of water-well and test-hole samples collected for this study.
' (Concentrations in mg/L except where indicated otherwise

Land Owner Id Depth Ca Mg Na K Hco, SO, ¢t Ts  pH 8% $D
(ft) | T Cres) (oo
Corbel | 1 65 169 132 - 149 1 586 121 526 1506 6.9 -5.12 -37.0
Sollars 2 85 133 59 79 2 498 65 200 832 6.9 -4.75 -35.8
Hardy 3 95 238 112 691 6 385 183 1425 3179 6.9 -3.66 -29.7
Bailey 4 58 586 200 26786 59 348 590 5280 18008 7.5 n.a n.a.
Red Arroyo  5a 7 820 920 3960 47 725 4100 6436 17335 7.3 -2.54 -23.7
Red Arroyo 5b 68 1896 760 19730 270 500 3695 33140 59259 7.1 -5.48 -35.3
King 8 58 254 319 1020 7 860 1430 1430 5332 6.7 -4.74 -34.2
Stovall 7a 32 138 43 320 1@ 330 232 335 1589 7.7 -4.00 -31.0
Stoval | 7b 68 465 = 195 2796 53 348 515 5030 9615 7.5 -4.17 -31.8
Stovall 7c 75 618 240 4648 8¢ 335 810 8070 15061 7.6 -4.14 -34.8
Williams 8 95 53¢ 165 . 695 11 330 224 2100 4398 7.0 -4.06 -32.7
Ducote 9. 46 1465 430 11546 2685 555 645 20750 35446 6.7 -3.21 -28.4
" Bunyard 16 24 756 278 6920 175 365 520 12198 21482 7.2 n.a.  n.a.
Chandler 11 = 38 998 350 1540 32 = 400 2080 ~ 3630 9398 7.2 -1.98 -19.2
Chandler 12 38 455 138 880 7 530 820 . 1650 4363 6.9 -0.42  -9.7
Latham .13 52 228 88 353 1 400 138 840 2124 6.8 1.77 8.2
Hoelscher = 14 ~ 165 516 188 687 3 320 310 2048 4559 6.8 -1.97 -23.1
Baxter 15 166 = 472 156 659 4 35@ 357 1780 4178 6.7 -1.86 -22.8
Schwartz 16 166 476 151 662 3 346 353 1810 4006 6.7 -1.91 -23.0
Gully 17 98 414 121 314 4 248 106 1300 2869 6.8 -3.55 -32.2
Lawnhaven . 18 1280 = 413 144 346 5 270 487 1060 3058 7.2 -4.28 -35.3
LawnFaven 19 160 286 118 348 4 218 208 926 2533 7.0 -4.02 -32.7
McClure 26 76 492 185 623 28 275 350 1888 4329 6.8 -3.78 -32.1
Wash. Cty 21 168 1296 540 11246 1556 435 3130 19380 36082 7.5 n.a.  n.a.
Wash. Cty 22 6212 1726 950 16968 3280 250 4318 29610 54312 7.6 n.a.  n.a.
Jost 23 75 738 316 2716 50 430 2500 4450 11629 7.3 n.a.  n.a.
) 6.9 'n.a. n.a.

Keyes 24 42 1730 1050 4910 57 265 - 995 13979 22740

h.a. not analyzed
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investigations (for example, Willis, 1954, and Lee, 1986) predominantly have low
TDS. Hydrochemieal facies of these savmples include Ca~HC03. mixed—cation—CI.“and'
Na-Cl types. |

Occurrence or salt Watervat shallow depth is not a recent phenomenon, having
been net_ed in Tom Green County during the early 1900's ‘(Udden and Phillips,
1911). The San Angelo F‘ormation‘ has'long been known to confain salty 'water at
shallow depth To obtaln undrsturbed ground water samples from the San Angelo
Formation, two test holes (no 4 and no. 5 table 3 and fig. 10) were drllled at or
near the San Angelo Formation outcrop (fig. 1). Water samples obtained from
these test holes had high chlorlde concentratrons Chlorrde concentrations in test
hole no. 5, drllled next to a tributary of Red Arroyo in San Angelo increased from
6,430 mg/L at 7-ft (2-m) depth to 33,140' mg/L a‘t a 68—ft (20-m) depth below
land surface. Twelve hours after th‘is,well was drilled, 'hydrogen-sulﬁde-_ brine started
flowing at land sdrface from >’68 ft (20 'm) below land surface. In test hole no. 4,
also drilled within the ci'tykvof ‘Sa‘n Angelo, water. with -a chloride content of 5,280
mg/L (no 4. table 3) was encountered at 58 ft (17 m) below Iand surface.

Chloride is the dominant anion in all samples but one (no. 1, table 3) that

were collected from water wells d_urlng,thls study (fig. 11). The two waters with.

the lowest salinity (no. 1 and no. 2) also have among the lowest proportions of

dissoldved sodium and chloride (fig. 11). Most samples with low TDS reported for -
Tom Green Cou_nty_are Ca_—HCO3 or mi-Xed—anion—HCO3 ‘types, not Na-Ci types
(compare figsi. 57 with ﬁg. 9). Sample no. 6 "(table 3). having a relatively high
sulfate concentration and a Mg/Ca ratio greater than one, has an unusual chemlcal
| _composmon compared with that of other samples.  This sample ‘was obtamed from ,

a water well that is located west of the Middle Concho River just north of
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Figure 10.  Location of test sites at which water samples were obtained.
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Figure 11.  Piper diagram of hydrochemical facies of chloride-rich and othe}

ground-water samples collected during this study.
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Highway 67 (betWeen San Angelo‘ and Tankersley, fig. 10). Taken from a land
surface elevation of apprbximately‘~ 30 ft“(9- m) above the nearby Middle Concho
River and a well depth of 50 ft '(15‘m),‘vthis water sample probably constitutes a
mixture of local ground water and river water. The other water sarﬁples range
from a mixed cation-chloride hydrochemical facies to a Na-Cl faciesﬁ :'(fig, 11).
Cvalcium,‘ mag_nbesium. and sodium cvohc,entrat‘ions in water-well samples increase
with increasing chloride concentrations '(fig;"‘lZ).r‘Thek covariance between the
cationic and chloride ionic cohcentratio.ns‘ is small. The Br/Cl ratios vary widely |
and decrease with increasing chloride concentrétion (fig. 112). In plots of chemical
constituents of water-well and test—hblé samplles. ratios c‘>f.vCa/'Cl, Na/Cl. and K/CI
 seem to be fairly constant over the range of chloride concentrations (figs. 13 and ‘
14)». Ratios (A)f‘SO4/CVI and bl\llg/CI of test-hole samples ‘va'ry cobhsid’er;ably over the
‘range of chloride Cbncentrations (figs. 13 and 14). T‘est-hvole and water-well

samples show distinctly different Br/Cl ratios (fig. 14).
Chvemical Characterization of Brines -

Chemical and 'isétopic c‘ompositiéns of 17 subsurface brines collected from oil
wells in Tom Green and eastern lrioh'Codnties are listed ‘in table 4. Thé, brin_és do
"not form distinct grbups >or‘ associations but appbear ‘as; a continuous érray ‘
(fig. 15). One end member of the:ar‘ray‘(SA), répresénted by San Andres, San
Angelo, and Clear Fork brihes, plots close to the: meteoric water line and is
_isotopically Similar to fshallow ground"v‘vavter‘s‘ measured b‘y Richter and Kréi-tler
(1985). Brine samples from the Canyon anvdv Strawn fields‘vdefine another énd

 member (C/S) in this and subsequent plots. This end member plots to the bright"
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Cl for chloride-rich and other ground-water samples collected during

this study.
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Plots of Ca, Mg, SO4. and Cl concentrations in water-well and test-

hole samples. Samples from water wells, shown here and in figure
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12, generally have lower Ca, Mg, SO4, and Cl concentrations than

samples from test wells.
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higher Br/Cl ratios than samples from test wells.
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Field

Water Valley
Water Valley

Hall
Carlsbad

Eliza Baker, N.
T.D. (8575)

KWB

SSR
Arden
Pulliam
Veribest
Brooks
Halfman.

‘Mim, NW

Dove Creek
Tankersley
H-J

Formation

~San Andres

Cleaerqu
San Andres
Strawn
Canyon
Strawn
Strawn
Canyon -
Canyon
Canyon
Strawn
San Angelb
Strawn
San Angelo
Canyon

Wo lfcamp

Strawn

Dépth Temp. o . §D §18

Table 4. Chemical compositioh of subsurface brine collected from oil wells
in Tom Green and eastern Irion Counties (concentrations in mg/L).

6343-504
(o/oo) (o/oo) (o/oo)

(ft)  °c pH Ca Mg . Na K HCO. S0 cl

3 T4

1909 256. 7.865 1980 867 32620 399 297.13 1868 52620 -34,-35 -5.2 35.08,35.68

1500 25.5 6.65 2240 822 29750 445 797.44 3490 47680 -37 -5.2 L
1800 - 31. 6.85 2410 1330 28930 488 611.96 3230 48510 -33,-35 -2.0 27.84,28.30
5860 23.5 5.8 13970 29608 62400 545  72.60 19 119850 -8 -2.1 21.22
6500 -~ 22. 6.5 9970 1970 40560 1050 145.82 760 81470 -32 -4.0 19.07
6900 30. 6.6 10150 1680 53660 397 212.32 10 102848 -12 +2.3 .
7500 26. 6.5 13040 1649 55598 320 131.79 24 113140 -11 +8.6 13.00
4300 29.5 6.9 - 9560 1530 40840 450 81.15 660 78968 -16 - -3.0 22.45
6508 33. 6.32 11358 1618 54790 634 195.85 10 105300 -8,-9 -0.2 22.86.
5200  42. 6.8 ~ 9530 1610 43940 445 115.92 548 86150 -19 -2.8 20.55
4700 25.5 6.3 13110 1830 43820 250 20.13 = 53 90748 -9 -1.1 19.45 .19 27
1300 26. 7.4 831 599 15840 206 198.29 20 26360 -35 -4.8 - 40.26
4700 32. 6.2 8230 151¢ 38180 593 204.39 950 74250 -22,-27 -3.1 18.97
1196  27.5 6.35 1290 701 27108 216 294.88 10 42790 -27 -4.0 s
6700 33.5 6.3 12740 1830 61420 431 71.99 11 123600 -12,-15 +0.4,+8.7 10.31
5500 40. 6.55 50960 2780 47460 2568 93.96 350 176320 +8 +6.2,+6.2 14.15
5500 34.5 7.15 2980 682 29180 741 362.42 1240 49520 -44 -5.5 22.28

. - indicates sample not analyzed
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Water Val ley.
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Eliza Baker, N.

T.D.
KWB
SSR

(6575)

-Arden

Pulliam
Veribest

Brooks

Halfman
Mim, NW
Dove Creek
Tankersley
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Formation

San Andres

. Clear Fork
San Andres.

Strawn
Canyon
Strawn
Strawn
Canyon
Canyon
Canyon
Strawn
San Angelo
Strawn

San Angelo
Canyon

Wolfcamp
-Strawn

*

A;%13

) C
("/00)

-23.91
-19.42
|-11.79
1 -8.76
-3.05
-2.37.
-3.82
. -4.26
~4.,40

-3.16;-2.

-6.45
-19.62
+@ .55
-25.42
-7.65
-J.99

+1.5;+1.5

89

8

ag.

a.
30.
a.

178

450
1.

56

(SIS R

- 131

17

g.

TOC - total organic carbon

Acet.

- acetate

Prop. - propionate

Table 4 (cont.)

Ba - Fe
25 223
2.15 2.2
82 192
40 291
89 70
185
153
85 198
.79 344
.42 19.6
.29 85
.37 2.1
.68 86
.33 2.2
142
.40 1300
39 1.2

-

w

WODNHBPEOIOO®ON®

13.
16.
6.
15.
12.
“11.
12.
11.
3.
16.
5.
8.
4.
106.

- indicates below detection limit

W .

o2

[
QLUIRANLON DL NWRW®

Sr Br
59.1 67
52.4 73

52 61
1920 460
357 200
587 419
1320 450
375 280
819 439
378 350
598 369
39.4 360
269 2390
73.8 60
769 489
547 320
120 5@

1

TOC . Acet. Prop.

*21
89
82
89
52

88 .

128
82

1309

52
79
*8
38
*2
192
510
38

<1
<1

85
128
197
187
228
130

136

89

-137

2
79
<1

149
725
27

<1

<1
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EXPLANATION
om. Subsurface brine

oe Shallow ground water

Figure 15.  Variation in 6D and 5180 in brines and shallow ground water from
Tom Green, eastern Irion, Concho, and Runnels Counties. Brine end
members marked by: SA - San Andres/San Angelo/Clear Fork, C/S -
Canyon/Strawn, and W - Wolfcamp. Line shows meteoric water line
defined by 6D = 10 + 8 6720 (Craig, 1961).
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of the meteoric water line: the Wolfcamp sample (W) plots particularly far from
the meteoric water line. Differeﬁces between end members defined by samples
from the Permian units and ‘Pennsylvani,an units do not simply reflect differences
between shallow and deep waters, however, because two deep Strawn‘ samples
- (Eliza Baker North and H-J, samples 5 and 17 [table 4]) are similar to the San“
| Andres/San Angelo/Clear Fork end member. Most shallow ground-water samples
plot closer to San Andres/San Angelo/Clear Fork samples than to deep Canyon
and Strawn samples. |

The Br/Cl ratio in subsurface brine‘s increases with increasing chloride
concentration and shows end members similar to those of pre\)ious plots (fig. 16)
The Br/Cl ratio of the Canyon/Strawn end member is similar to that‘of.»rﬁost
deep-basin brines (Whittemore, 1984; Richter and Kreitler, ‘1986). The San
Andres/San Angelo/Clear vFork sub_sUrfa:ce brine end member has a Br/CI. ratio
similar to that derived from halite dissolution. In contrast, the Br/Cl ratios of
shallow g.rbund waters from Tom Green, Runnels, and Concho Counties decrease
with increasing chloride concentration. Ground-water samples with the highest
chlorinity and .owést Br/Cl ratio plot near the San vAnAdres'/San Angelo/Clear Fork
subsurface brine end member (fig. 16). |

Alkalinity, which i§ the ability of a water to n_eutralfze acid, may distinguish -
brine sources from shallow and deep oil fields. Alkalinity of subsurface brin_e at
depths of 1,000 to 1,800 ft (300 to 550 rﬁ) in San Andres and San Angelo oil
fields 'is due to dis‘sollved bicarbonate ions; alkalinity Qf brine .in deeper
Penﬁsylvanian and in Wolfcamp fields is primarily due to dissolved short—ch'ain
aliphatic acid (carboxylic acid) anions (table 4). Acetate and pfopionate ion‘s

account for 61% to 98% of total organic carbon (TOC) in samples with organic
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Figure 16. Br/Cl ratios in subsurface brines and shallow ground 'Waters‘in‘To‘m‘

"Green, eastern lrion, Runneblsv, and Concho Counties. Brine end
members SA. C/S. and W as identified in figure 15.
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ions; analytic error and possible presence of organic ions other than the aliphatic
acid anions account for the discrep’ancy ‘

Acetate concentration varies drrectly with & 8O (flg 17) The San Andres/San
E Angelo/Clear Fork end member has _Iow acetate concentratron, high bicarbonate
alkalin»'ities, and‘the most negative %0 andr 613C (fig. 18) values. The
Canyon/Strawn end member has greater acetate concentrations and more posmve
6! O the sample from a Wolfcamp field has the highest acetate concentration (frg.
17) and very ennched 5t O and 61%C composrtrons (fig. 18) -

A continuous array is not weII deflned in a plot of 53*S versus dlssolved SO
concentrations, although’ prevrously defined end members are recognlzable (fig. 19).
Sulfate concentration is probably controlled by formatlon temperature and actrwty
of sulfate-reducing bacterla-;and_tends to decrease with 'depth. High S‘O4
concentrations in shallow Permian formations might reflect (1) dissolution of
bedded anhydrite, (2) low activity of sulfate;reducing baeteria,‘or"(3) oxidation of
sulfides as subsurface brines move along regional flow paths into sha‘IIAOWer'depths
across the Eastern Shelf.-» Some of the SUbSUrface brines have 53%s values similar
to values ty‘pical of Paleozoic sulfate-bearing rocks (Holser, 1979-).> bpossibly
reflecting disSqut'ion of anhydrite. Other brines throughout the stratigraphic
section have »signifieantly enriched 776’345 compositions: these xrn’ore positive’ 534

values most Iikely result from ‘sulfate reduction by bacteria.

In Tom Green County three brine systems are capable of contammatmg -’

shallow ground water First, the most shallow aqurfer units with salinity - problems

in the area are in the San Angelo and San Andres Formations and the Clear Fork
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Group. In western Tom Green County, 30 ft (9 m) of shale separates the San
Andres from the San Angelo Formation: this shale is absent in the center and
northern part of Tom Green County (T. L. Koederitz, personal commu‘nication.
1987). Oil is produced from these strata at depths of 900 to 1,200 ft (270 to-
360 m) below land surface in the western part “of Tom Green County Eight
samples from San Angelo, San Andres, and Clear Fork fields were selected to
characterize the composition of thesei shallow brines (table 5). Second the Coleman
Junction Formatlon underlies the county at depths of apprommately 3, 000 (900 m)
ft in the west and 1,000 ft (300 m) in the east. Brine flowsto land surface from
- this unit in most cases where a pathway‘eXists. Because of the lack of chemical
data from the Coleman Junctlon Formation in Tom Green County, 14 reported
‘brine analyses of water ;samples -(table 5) outside the county were used to
investigate its chemical chara‘cteris‘tics. .Third.v most oil production in To'rn_i Green
County is» from Pennsylvanian strata. vTherefore‘», PennsyIVanian brines can contact
shallow ground water yvhere oil productron or brivne-disposal methods have-b’een
faulty. |

| Brines in Pennsylvanian units have -higher Cl, Ca, Mg, and C,Na‘con‘ce’ntrations
but lower sulfate concentrati’ons than the analyzed brines from vPermrian”units
(fig. 20). Brines from the Coleman Junction Formation‘ show the least scatter
although data were combined from six counties. This suggest that brine‘
composition in_the Coleman Junction Formation ‘is uniform throughoutfan aread
e‘xtending 150 mi (240 km) north from Tom Green County to Knox..County.
Brlnes from San Angelo/San Andres/CIear Fork units have a srmllar average
chemical compos_ltlon but greater-varlablhty (flg. 20). Therefore. Coleman Junctlon
brines cannot be distinguished.from' San Angelo/San Andres/Clear _For'k‘ brines at
shallow depths us‘ing‘ these chemic_al indices. Brines thatd were collected':vat I'a‘nd

surface by the district office of the Railroad Commission of Texas (table 5) from
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Table 5. Chemical analyses of brines from San Angelo, San Andres, Clear Fork,
Coleman Junction, and Pennsylvanian units. Also listed are chemical
~~ analyses from ‘samples collected at various- surface leaks by the
Railroad Commission of Texas. (Concentrations in mg/L.)

'Countbyb“ Ca ‘I\/lg‘ "~ Na -"-Alk7:-inity : SO4 Cl ‘Source"
‘ mg ‘ C

- San ‘Angelo, San Andres, Clear Fork
Tom Green 1890 760 19730 500 3695 33140

Tom Green 849 769 16050 355 864 27420 a
Tom Green - 931 696 15600 548 ) 27200 b
‘Tom Green 2460 1050 - 16000 405 13180 19500 ¢
Tom Green 2880 880 37500 - 427 4160 62200 ¢
- Tom Green 1980 867 32620 - 300 1860 52620
Tom Green 2240 822 29750 800 3490 47680
~ lIrion - 831 - 599 . 15840 200 20 . 26360
Tom Green 2410 1330 - 28930 700 - 3230 48510
Irion - 1290 701 - 27100 295 10 42790
Coleman_ Junction "
‘Tom Green 1720 950 - 16960 250 4310 29610
Runnels © 1940 1059 22500 1 2310 38000 b
- Runnels 2500 1122 22900 - 164 4170 -~ 38300 b -
Coke 2298 1070 28727 217~ 3575 48200 b
Coke 2033 942 22013 - 561 4676 36524 d
- Coke 3060 1070 27800 340 3620 48400 d
Fisher 2490 855 20600 470 2850 - 36100 d
Knox - ’ 3150 1051 26642 200 - 3266 47162 d
Runnels _ 2530 994 25200 - 188 3800 43200 d
Jones 2664 459 22460 122 4400 37400 e
Jones 1520 864 15940 149 2000 - 28500 e
Jones 2120 750 23500 180 3700 39500 e
Jones 2376 730 . 19150 251 4240 32600 e
Jones 1570 620 21200 - 212 4300 34000 e

Unknown 2400 975 27080 334 3670 46000
' | | Pehnsylvania‘n‘ o | o

 Tom Green 9530 1610 43940 215 540 86150

Tom Green 13040 1640 - 55590 380 - 24 113140
Tom Green 10150 1680 ~ 53660 420 - 10 102840
Irion 12740 1830 = 61420 - 225 11 123600
Tom Green 9560 1530 - 40840 225 660 78960
Tom Green ~ 13110 1830 = 43820 180 53 90740
Tom Green 9970 1970 - 40560 265 760 81470
Tom Green - 13970 2960 62400 215 19 119850
Irion o 11350 1610 ~ 54790 : 350 . 10 105300
Tom Green 2980 682 29180 395 1240 49520
Tom Green 8230 1510 38180 290 950 74250
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Runnles
Runnels
Runnels
Runnels
Concho
Concho
Irion

Irion

Irion
Runnels
Runnels
Runnels
‘Runnels
Runnels
Runnels
Runnels
Runnels
Runnels
‘Runnels
Runnels
Runnels
Runnels

- Runnels
Runnels
Runnels
Runnels
Runnels
‘Runnels
Runnels
Runnels
Runnels
Runnels
Runnels
Runnels
Runnels
Runnels
Tom Green
Tom  Green
Tom Green
“Tom Green
Tom Green
Tom Green
Tom Green .

Ca

4530
2400

1605

2310
4350
2525
2720
3000

900
2025

2625

1084

2500
2500

1533
2060
2800
1540

3750

2275

740
2600
2060

780 -

1975
2340
1540
2080
3750
2250
2300
2500
2300
2450

3280
. 2600
5600

2575
2250
3390
4400

- 3850

1820

Table 5 (cont)

Core Laboratories, Inc., 1972
Richter and Kreitler, 1985

Willis, 1954

Price, 1978

Aqua Science Lab, San Angelo »
Texas Railroad Commission, San Angelo

a

b

c .

d Laxson, and others, 1960
e

f

g

a4

SO,

3750
3930
3390
4080
3935
2950

150

452
69
3860
3376
4260
3800
3632

3580

2760
4200

3300

2700

4114
1030

3540
2760
1670

3840

4000

4000

3260
2700
3960
1320
3800
1320
5060
2550
3540

3200
4040

4680

3810

2280
1840
3000

Mg Na Alkalinity
mg/L
Various Brines from Surface Leaks
5 31600 985
881 - 26100 - 412
1110 7440 141
1120 25700 136
1405 34250 . 121
2440 7270 100
171 32200 580
1 30700 494
720 17350 362
- 945 - 20650 63
1815 20825 204
644 7820 0
1200 22760 11
1525 - 25850 181"
1080 = 6850 132
800 19320 55
1220 - 29800 155
1100 6900 63 -
1400 27900 - 147
1148 - 30250 146
440 10780 26
1250 29250 100
800 19320 55
312 15120 150
915 22400 35
1060 30250 350
400 13300 b5
1070 30700 81
1400 27900 147
1150 24450 163
1400 28550 . 129
1200 22760 11
1400 28550 129
1100 29850 . 88
1 -19540 7
1250 29250 100
1700 37800 . - 55
1150 -~ 30800 - 460
850 28400 153
177 27430 560 -
1170 . 30900 0
6 19800 399
800 26180 286

Cl

51600
41200
15500
41900
46370
27500
54600
56840
31990
38000

43520

- 12000
42990

37920

14000
36130
49100
13560
55340
53160
19500
50398
36130
19780
36000

55000

32280

52000

55340
40760
54460
42990
54460
51250
32320
50398
- 80000
55000
45451
45500
57430
42000
45050

Source
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Figure 20.  Plots of Ca, Mg, Na, and SO, versus Cl in (a) San Angeld/San-
Andres/Clear Fork subsurface brines, (b) in Coleman Junction brines,
(c) in Canyon/Strawn and Wolfcamp brines, and (d) in brines from

surface leaks and of unknown origin (see table 5).
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- leaky injection wells, leaky tank bat_teries.ﬂflowing core holes, abandoned exploration
“holes, and so forth, in lrion, Runnels, Concho, and Tom Green Counties generally
_--have‘lower ionic concentrations than brines in Pennsylvanian units but overlap with -

Coleman Junction and San Angelo/San Andres/Clear fork brines - (fig. 20).
: BrineeDisposal Pits

Geometrlc means of water/orl ratios were used to estimate brine volume“»

produced before 1969 the year unhned surface drsposal prtS‘ were banned. The:';_r;» '\

water/orl ratios appear to slightly lncrease from 1953 to 1969 (flg 21a), asrls

o commonly observed over the llfe of orl flelds Accordlng to data reported in -Form

'..W 10 water/orl ratros derlved from comprled salt water surveys “lie within one-

standard devratlon of the geometrlc *mean ratro The best estrmate of cumulatrve'
- brine production before 1969 in Tom Green and Irion Counties is 7 to 8 million

»’bbl'- (fig. '21b) If ‘spread unlformly across the two counties, the average annual

productron of salt water would form a 0.0004-inch- thlck (0. 0009—cm) layer. sln

comparrson natural specific dlscharge of ground water from the Permran Basm has

been estimated at 0.43 inch/yr (1 08 cm/yr) (R Senger. personal communlcatlon

1987) Therefore the volume of salt water dlsposed of in brme dlsposal prts |s :

much less than the vo|ume of natural dlscharge However brine- drsposal prts';f’-? E

constitute hlghly sahne pomt sources,’ whereas natural dlscharge is wrdespread and

~has. much lower concentratlon gradrents Therefore Iocal |mpacts of brine- dlsposaI;

vplts may be 5|gn|frcant
On aerlal photographs taken durmg 1964, 10 general areas of active, brme—??'

‘frlled plts were |dent|f|ed (fig. 22),, No field c}heck of these srtes was performed,‘
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surveys and (b) projected volume of brine produced in Tom Green

and Irion Counties, derived by multiplying cumulative oil production

by water/oil ratios.
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EXPLANATION
@ Brine-disposal pit area (1964)

'3 Number of pits QA 8327

Figure 22.  Active brine-disposal areas identified on photographs taken during
1964.
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and these sites probably were not.the only Aisposal' sites being used at the time.
Figure 22 does not show all sites of disposal pits abandoned before and after
1964, many of which are still ‘visible because of the lack of vegetation cover.

Disposal of brine into unlined surface‘ pits was discontinued in the late 1960's
after brine contamination of shallow ground water was traced to‘the pits,
indicating that most of the brine pumped into the pits did not evaporate. For
example, Reed (1961) traced plumes of brine contamination in Mitéh‘ell and Scurry -
Counties, Texas, that extended from disposal pits along the direction of groﬁnd-
water flow. When disposal of brine into sUrféée pits stopped in 1969, flushing and
dilution of polluted soil and groun‘diwater began near the pits.
| To determine if salt watér is still being flushed out and if a pollution hazard
still exists owing to the .amvovunt of salt water that ,rerr’\ains in ofabove shallow
groundbwater.v three abandoned briﬁe—disposal pits were tested for soil chlorinity
and chemical characteristics of shallow ground water beneath thei pits.

Between 1952 and 1967 approXimater 100,000 bbl" of brine were deposited in |
up to 5 ponds in one area 2 mi (3.2 km) east of Tankersley : (fig. 22). The site of
the abandoned pits is now covered by vegetation, but drilling at»thv,is ‘site revealed
evidence of‘previous brine disposal. An oily smell was noticed in the upper 3 ft (1
m)' below land surface, and ground water at thé water table at a depfh 6f 46'ft
(14 m) was highly mineralized (CI=20.750-mg/L) (no. 9, table 3). Chloride
concentrations in soil samples were highest from 5 ft to 10 ft (1.5 to 3 m) below
land surface and lowest at the wate"r»table>(fig’.‘23). ‘Salt Wafer also seeped into
a test well at a depth of 24 ft (7 m) in an aba‘r‘\doned disposal pit in Susan Peaki
Field, southeast Tom Green County (fig. 24). The amount of water frorﬁ the'iseep'

and salinity (CI=13.070 mg/L) of the water (no. 24. table 3) were lower than

49



10

204

Depth (ft)

- - ,.' TANKERSLEY

Figure 23.  Chloride concentration in soil underlying abandoned brine-disposal pit
no. 9 near Tankersley (see figs. 10 and 22). Bar indicates water
table at a depth of 46 ft (14 m).
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those at the test well in the pit near Tankersley. The chloride profile with depvth
indicates that chloride concentrations in’ the soils are smaIIer_vat the Susan Peak
site and peak in chloride conc'entrat,ron' at the depth of tvhe seep rather th_an near
land surface (fig.i24).‘ At the Tankersley site, chloride concentrations were lowest
at the water table. 'ThiS‘suggests that brine at the Tankersley abandoned pit has
been diluted and flushed from the soil. The Water sample obtained at the Susan
Peak abandoned p|t seems to be percolatmg downward more slowly through the
* carbonate rock matrix. No water was encountered during drrllrng. at a second‘

vabandoned b'rine—di'sposal site rn the SuSan “Peak Field (fig. 24b). Soil chlorinity at
the second site was much smaller than at the other disposal - pits (fig '24) - The
total amount of brlne pumped into surface ponds and the duration of drsposal pit

_operation at any of the Susan: Peak Field. leases are unknown.
- Abandoned Deep Exploration Holes

~ Pathways for upward 'm’ovement of salt water into shaIIoW‘aquifers occuf in
old, deep eXp_lora‘tion Wells that were not plugged or were‘inadeq‘uately. plug‘ged hy
present standards. These wells include ‘those drilled for water and hydrocarbon.s.
Marshall. (1976) reported that d'uring the severe drought in 1953 many V\rater wells
west of San Angelo were dnlled to depths of 500 ft (150 m) a’ndv that after salt
water was encountered many of those holes were abandoned but not plugged,

Locations of these weIIs ‘were not given by l\/larshall (1976) A searg;h among

hundreds of drrllers Iogs of water wells in western Tom Green County did not

“confirm that water exploratron ‘wells were commonly drilled deep and that salt
water was encountered. Local water-well drillers and the representative of a well- -

service business, all having decades of experience in the study area, could recall
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Figure 24.  Chloride concentration in soil underlying abandoned brine-disposal pits
no. 24a and no. 24b in the Susan Peak Field (see figs. 10 and 22).
Bar indicates water table at a depth of 24 ft (7.3 m).
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only a few sﬁch deep drillings. Spécific deep water wells could not be located.
Therefore, in the following discussio'n of deep holes, only those holes that were
drilled for éxploration of oil and gas ‘resou‘rces‘ ar‘e'considered. ’

In Tom Green County, more fhan 1,000 deep oil exploration wells‘have been
drilled and abandoned because no oil or gas was found (fig. 25). Many of these
wells were drilled and abandoned before’régul,atiohs’ for drilling and pi'ugging. to
protect water resources were impler’n‘en'ted. Brine contalﬁination from inadequately
plugged holes gan be e'xte‘nsi’\_/e Whéfe it remains undetected. - For example, Reed
(1961), mapped the extent of .salt;water pollution caused by an unplugged dry hole
that leaked brine into shallow ground water for 22 years. Ground water beneath an
estimated 400 to 600 acres (1.6 to 2.4 k'm_2)' of land had been affected by ‘salt
water from this hole (Re‘ed.} 1‘9v61‘).“ | | |

Excluding areas where Cretaceous rocks overlie dlder strata (fig. 1), fequired
depths of surface casing (established by Texas Department of Water ResourceS)
vary between 150 ft (45 m) and 350 ft (105 m) below land surface. Brine flow
from the errpressured Coleman Junction Formation from other brine-bearing
formations to land surface is possible where an artificial pathway is provided.
Therefore, correct depths of cement blugs and surface casing in abandoned ‘h>o|es
are important for protecting ground-water resources.

- To test for possible leakage of’lbrine frorﬁ an abandoned exploration borehole,
a hole having a shallow surfa‘ce-casi‘hg'depth avnd no plug was selected between
the Colefnan_.lunction Formatioh and -thev 'base of Sgrface casing, according to
plugging report no. 53 (appendix 3,‘ figs. 11 and 26). The holevhad been drilled to
a depth of 6,212 ft (1,890 m) in 1955 and was plugged> within 30 days after E

drilling was completed. The reported plugging consisted of one plug made of 5
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Figure 25. - Location of abandoned exploration boreholes for oil and gas in Tom

Green County.
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sacks of cement at the tdp of the WéH', a second plug made of 5 saéks at the
base of surface casing at a 100-ft _(30-m) depth, and' two plugs m’.ade  of-20 sacks
of cement each at 4,880-ft (1,490-m) and 5.190-ft (1,580-m) depths (fig. 27a).
" Drilling mud stood in the hole from 1 ft (0.3 m) below the cabped weIIhead to
90 ft (27 m) below the top of surface casing (fig. 27b). at which depth a 30-ft
(9-m) plug was found. - Drilling mud and watér were theﬁ bailed from the borehole
to ilower water level fo 140 ft (42 m) below land surface. Within 30 minutes,
' Hyd’rogen‘-sullfide brine vbegén-‘ to flow at Iaﬁd sUrfacé vfror‘r‘l :fhe Bofehole at a rétej of
8 gal/min (0.5 L/sec) at ‘a surface pressure of greéter‘” than 60 psi (414 kPa)
Chloride concentration in a Sample (no. 22, table 3) obtained after mud was bailed
from the Well and the‘k flowing water ‘cvl,arifived‘ was .29,160 mg/L. T(‘)gqheck fo;,v
possible Ieakége of brine from this abandoned erehoie, é 160;ft—de‘e‘:.p ('48-rfn) “test
hole Was drilled approximafely' 150 ft (45 m) north and down gfadient of the brine
well (fig. 27d). No major Water-béarin'g units werbeb.enco'u,ntered during dr‘illing, but ‘
a seep was detvec‘te;d‘ at aﬁproXimatéiy 127 ft (38 m) below Iand surface. After 24
hours, 35 ft (10 m) of Wa’tef‘ had coIléCfed |n the borehole from this seep. The.
‘Water ,samvble (no. 21, table 3) was _avhydrogen—sulfide briné ‘v‘vith é l.ower“chloride‘
concentration (19,380 mg/L) than vt‘hat'in. the adjacent abandoned borehoie. Samplé
nos. 21 énd 22 plot at identical Concenfration percentages of-‘major"cations and
major aniéns in a Piper plot (fig.-'ll).‘indicéting that t_heyvareb the sahe Waterb '
type. Co_ncentrafion raitibs of majvor anions and cation‘s"'for the two saMpIes
indicate that sample no. 21 resulted from dilution of‘sa‘mpie no. 22; the.ratio of
brine to diluting wafer was éppro;(i»rhate‘l‘y 3:2. Covnc:ehtratvions‘ of’bicar‘bqn’ate‘ahd

" bromide do not follow this dilution trend.
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Schematic diagram of abandoned borehole no. 22 and test well -no.

Figure;; 27.

21, Washington County School Land lease. (a) Condition according to

~ plugging report. (b) Actual condition of abandoned hole. (c) Testing

of abandoned hole. (d) Shallow test hole no. 21 drilled 150 ft (45 m)

away from abandoned borehole (borehole 22 of table 3 is identical

with abandoned borehole 53 of appendix 3).



DISCUSSION
'Hydrochentical Facies and Salinityz

Ca-HCO, hydrochemical facies (fig. 8a) most likely originates from reaction of
recharging water with calcite (CaCO ) and dolomrte [CaMg(CO )2] in Cretaceous
- carbonate rocks beneath pIateaus that flank the Concho River vaIIey ‘Na- HCO and
.mlxed—catlon—HCO -hydrochemlcal faues (flg 8b) develop as ground»water ﬂovris |
through Cretaceous rock toward discharge areas in the Concho River. vaIIey (ﬁg 9). '
The change from Ca HCO faC|es to Na- HCO and mlxed—catlon-HCO facies is

probably due to ionic exchange of dlssolved calcium for sodium adsorbed on clays

that are dlssemrnated within:the: Irmestones and form partlngs between Ilmestone o

beds. ‘Solut|on of dolomlte'contlnues along the flow path and most I.|ke|y account_s _
for the increased magnesium concentration._ | o

Na—CI (fig.b8d)a and _Ca—SYO'4 (fivg,'v8c‘) hjdrochemical ‘facbies' coincide w'ith»
Perm‘ian formations beneath the Concho Ribver valley and probably re‘flect"drscharge
of the naturally occurring saline g‘_round water that flows 'eaétward within bPerrnian
- rocks across West Texas. The m'i)_ted-ion:comoosition‘ of ground Water'prevalent in

Concho'River valley alluvium '(fig"s. 8f and 9) m.ay originate from mixing of

(1) ground water that is discharged from ‘P'-errnian and Cretaceous formations and

(2) ground water that is Iocally recharged to the alluvrum from precrpltatlon

|rr|gat|on and seepage from rivers and streams. Lee (1986) hypothesrzedh that the

salinity increase durmg the early 1950's was caused by recharge from evaporatlvely' e

concentrated |rr|gat|on water. Overproductlon of ground water for |rr|gat|on durmg
the - drought of the early 1950's also mlght have decreased hydraullc head in
shallow aquifers and increased the amount of'subsurface brine that dl‘scharged fromr

the regional flow s'ystem-‘and mixed with shallow ground water.
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LocaI‘Iy occurring Na-Cl. >Cav-vSO4. Ca-mixed-»an‘ion, and Na-mixed-anion
‘hydrochemicaliifa‘cies have an ‘anomalous distribution within regionally defined
.hydrochemioal facies (fig. 9) Some of these samples probably reflect pomt source
contamination of ground water; other samples probably were collected from deep

wells that tapped an aquifer other than the prmapal one in a given area.
Anomalous Chemic.a'l, Composition and Deﬁnitio_n'.‘of' Brine Source

. Among all samples irrespective of hydrochemlcal facres chloride concentratlon'“f'_,

is closely correlated with sodrum concentration  (fig.. 28) |nd|cat|ng that most'_',

ground water in the study area has been mfluenced by varymg amounts of Na Cl
.‘water Subsurface brrnes collected during th|s study form an end’ member of the
Na Cl trend The geographrcally ‘anomalous samples  of Na—CI. Ca-SO4. and mlxe‘d—>
anion hydrochemical facies that were previously mentioned are intermediate in
salinity between fresh-water samples and,subsurface brines.

Ratios of CI'/SO4 versus 'SO4 ‘ions a_revi‘nvverselyv related among subsurface brine
samples (fig. 29); as is commonly observed ' SU‘Ifate concentrations are low in
brines with the highest chlorinity. A srmllar inverse trend eXIStS among all-
ground- water samples from aqurfers in the study area; although there is
considerable scatter, the negatlve slope of the shallow ground water data is
statistically s'ignifi‘cant. The San Andres/San Angelo/CIear Fork;and Coleman :
‘Junct‘ion, br‘ine end memb_er in the ',,CI/FSO4 versus SO4 vplot i‘s vsimilarw_;tmg_,_,shalllo'w,_‘_v
ground ‘W‘ater‘ Wi_th the -highestv 50‘4‘ conc‘entrations and lowest CI/SO-4‘ ratios andf: i‘s" “
also simvrlar to some of th‘e anomalous Na-Cl, Ca—S.O4, and mixed'-avni}o'n_v
hydrochemical facies. |

A plot of CI/SO4 versus Na/Ca ratios of‘ions‘ in the shallow ground V\raters

(fig. 30) shows a positive slope that reflects the influence of Na-Cl vfacies' (fig. 29).
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Figure 28.
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QA 8332

Variation in dissolved sodium and chloride in shallow ground waters

and subsurface brines in Tom Green and eastern Irion Counties...s:
Geographically anomalous samplés of Na-Cl and Ca-SO4 hydrochemical
facies plot between: shallow ground water and subsurface brines.
Water-well and test-hole samples collected during this study also plot
close to shallow subsurface brines from these brine units. Brine end
members marked by: SA - San Ar»ldres/San, Angelo/Clear Fork, C/S -
Canyon/Strawn, and W - Woblfcamp.
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ngure 29.
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62



~ Samples - of anomalous Na Cl and Ca SO ‘waters from shallow aquers agaln are

: ,_‘.‘more srmrlar to the San Andres/San Angelo/Clear fork end member of subsurface- '

‘brlnes than to the Canyon/Strawn end member The same assocratlon of shallow'

ground water and the San Angelo/San Andres/CIear fork end member is shown by

plottmg Br/Cl ratlos versus Ci (flg 16) Low Br/CI ratlos in hlgh CI ground S

waters seem to ellmrnate Pennsylvanlan brmes as possrble salt Water sources for

mrxtures with shallow ground water The srmllarlty between the most sallnep

_ shallow ground water, ground water wrth geographrcally anomalous hydrochemlcal SRR

,faCIes and the San Andres/San AngeIO/ Clear Fork end member of subsurface...f
brines that is shown on many dlfferent plots (flgs 16 and 28 -through 30)
suggests that anomalous waters result from drscharge of brlnes from the San ‘
: _’Angelo/San Andres/Clear Fork or: the Coleman Junctlon umts |nto shallow ground"“ ‘

water.
~ Investigation of Salinization Mechanisms
Waters were prevrously deflned as anomalous based on their geographlc '

dlstrlbutron wrthln reglonally prevalent hydrochemlcal faC|es Th|s mcludes samples

" ~with hlgh and low chlorrde concentratlons Mlxmg of subsurface brrne wrth"v:\;_)_fl

shallow ground water and sources of brme can be detected most. readlly at hlgh"

chlorrde concentratrons (chhter and Kreltler 1985) Therefore shallow ground-"g;i;_.-

waters wrth chlorlde concentratrons hlgher than average were. sampled to.;z ” yestrgate;

e salrmzatlon mechamsms

Water samples from wells and test holes' are lntermedlate between low cl

shallow ground water and'-subsurface brlnes_.m all the fprecedlng 'pl'ots: -Na’"_ve,r_sus o

Cl (fig. 28) and Cl/SO versus SO, (fig. 29) and‘ratios of Na/Ca (fig 30). |
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Therefore waters wrth high chlorlnlty follow the trend of samples with- anomalous

hydrochemlcal facies and are _more srmllar to subsurface brines from the San

‘,kAngelo/San Andres/Clear Fork end member and to brlnes from the Coleman L
Junct|on Formation than to bnnes from Pennsylvanlan units. The Iow Br/CI ratio -

of the saline samples (flg 16) also sup‘ports thrs' assoaatron But because San

Angelo/San Andres/CIear Fork brrnes and brines from ‘the Coleman Junctlonx,"'_

Formatlon (flg 20) are not readlly dlstrngmshable |t is |mp0551ble to |dent|fy a v

brine source wrthln Leonardlan or Guadalupran unlts (table 1) or. to determme the’ il

dommant mlxmg mechanlsm respon5|ble for hlgh salme ground waters |n Tomf-:,.f

Green County POSSIble mrxmg mechanlsms are (1) natural drscharge of salt wateri’f'n

'from the San Angelo ‘San’ Andres and Clear Fork unlts in western Tom Green

. County (2) d|scharge of the same umts through unplugged water wells that werev L

' dr|IIed into ‘saline portrons of these umts (3) dlscharge of Coleman Junctlon brlne
through msuff'uently plugged deep holes and (4) contmued leakage of salt water
from 50|Is |nto shallow ground water under sites of former brme dlsposal These ‘

mixing' mechanisms are discussed i.n 't,he;followlng sections, ’
Deep Water Wells

Deep water ‘wells pr'\ob‘ably.‘ are n.ot' major contrl.butor‘s'-to 'sbalt—Water p.r'Oblems
in. Tom Green County No wrrtten records of such deep wells exrst and on the
baS|s of mformal surveys of weIl drlllers |t can be assumed that the actual'l
'number of wells is relatrvely small Where they occur unplugged deep water wellsxlrlfi

: ’may po_se»a. Iocal salm_rzatron ha_zard‘.




Natural Disch'argé of Salt Water from San Angelo Formation

Two tesf holes were drilied into the ,Sah v'AngeIo Fdrma_tion to ‘test th‘e‘ natﬁral
‘sa‘lbinity of its gro‘und Watef. All thre‘ei'samples were s‘alir‘xe with chloride
concentrations ranging from 5,280 mg/L to greater than 30,000 mg/L. and
~ hydraulic head was high enough for salt water to flow to land surface from one of
the t_ést. holes.  Willis (1954)‘ reported a similar saline water with a chloride
concent}.ation‘qf 29,500 mg/L from a 122-ft-deep (37-m) well approximately 2.5 mi
(4 km) southwest of test hole no. 5 (flg 10). The 1948 collection date ofAt‘h'is
‘sar'nple pré’c_eded oil exploration drilling in the area. ‘T'he‘refor'e-,‘ it }can be a“s,svuméd
that sarhples collecfed‘ fromv test hole no. 5 and the sample reported by Willis
. (1954) 'are.xrépresen_tatif\‘le of shallow saline ground water from the ‘?San' Angelo
Formation, that salt water in the San Angelo Formation at shallow depths tends
to be naturélly-saline. and that the San .Angelov FOr'_métion could be é major -

contributor to the salinity of shallow ground water.
Abandoned Brine-Disposal Pits-

High-salinity ground water was encountered at shallow depths in vtwo‘ of three -

tested alban‘doned brine-disposal pits. The total mass of ch_loride in storage ben’e‘athyii

abandoned.pi;s can be esﬁmated from‘- average soil chlorinity and average piti‘size.,_’," .
\Chloridé_.concéntratiohs'in soil ’underl_ying 'pvi'tv ’né. 9 _n‘bear Tankersley: vanya:,;;.from 06 L
m,g/cm3 at depths frdm 40 to 45 ft  (1‘2 to 13.5 m) to 5.8 mg/cfn?’ at depths of)
5: to‘ 10 ft (1.5 to 3 m) ‘(table 6: fig. 23). In coﬁtrast. vc‘hlvoride content of soil in
the upper 20 ft (6 m) of test hole no. 7‘ outside the pit area ‘is only 0.007 |
mg/cm> (table 6). At an average chloride content of 2.4 ,.mg/cm3 (table 6) of soil

and a size for the former five ponds of apprdximately 120 ft 'x>180 ft (36 X
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Table 6.vahIoride concentration in soils under abandoned
' brine-disposal pits. '

Location  Depth Interval Chloride,
: (ft) (mg/cm”)

Tankersley - - 05
S 5-10
10-15
15-20
20-25
25-30
30-35
-35-40
40-45

BORONR~NOO -

(Water)

Susan Peak #1 - 0-5
: - 510
- 10-15
15-20
20-30
30-40

N OO OAA~NOO - ~JON .

TOAN OO OO,

(Seep) |

Susan Peak #2 ~ 0-5
10-15
15-20

- 20-30
30-40
.40-50
50-60
- 60-70
-70-80
80-90
90-100

OCO0000000000 OROOOO ORRRREWWUIR
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55 m), there is an estimated 66 metric tons of chloride in the soil beneath the
five abandoned pits and above water table at a water depth of 45 ft (14 m). This
is approximately 4% of the total amount of dissolved chloride (approximately 1,500 :
metric tons in 100,0_Oi0 bbl of b'fine from Pennsylvanian reservoirs) that was
pumped into disposal ponds in this area between 1952 and 1967. Howevér; t he 66
metric tons represent a significant, long-term salinization potential. Assuming the
ground-water recharge rate is 1 inch/yr (2.5 cm/yr) (recharge estimates for the
Texas High Plains range from 0.5 to 1.6 inches/yr; R. Nat‘iv, personal
communication, 1987) and assuming that chlovride is leached from the soil to
produce salt water with a constant Cl concentration of 20,000 mg/L (as in sample’
no. 9), it would take more than 60 years to reduce chloride cohce‘ntrations ‘in the
soil to the levels vmea‘xsured..in‘«.s‘dil away from the abandoneddisp_o,Sal pit's.-"

Present chloride concentrations in soils under former disposal pits are not
always as high as those ben.eath the Ténkersley pits. For example, maximum
concentrations of 0.7 and 1.3 nﬁg/cms' were measured in soil samples from two
disposal p}its'at the Susan P’eakv Fie[d in éoutheastern Tom Green County (tabléA6.
fig. 24).  However, chloride cénfent of one seep sample (no. 24, table 4) obtained
at a shallow depth was high. The Susan Peak 'brine—disposal pfts that were tested
appear to be inactive in aerial photographs té’ken in 1964; Many brine-dispdsal
ponds existed in the Susan Peak Field, but duration of brine disposal and the
amount of brine pumped ivnto'teste‘d vpits are unknbwn. It is pbssiblé,‘that less
brfne voiume was disposed into the Susan Peak Field pits  than into Lankersley
pits, which could explain_the differences in soil chlorini‘ty. |

In the Tankersley area, Ieakagé of salt ‘water from the soil underlying '»the

former pits into shallow ground water may have spread a considerable distance.
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Sample no. 9 obtalned in a conglomerate bed at 46 ft (14 m) directly below the
' | pit‘_floon had a chloride cOncentration ot 20.750 mg/L.. A water sample (no. 10,
“"};table 3) from' a 40¥ft—deep (12m) hole dnlled approxrmately 0. 5 mi (0 8 ’km) east
of test hole no. 9 had a chlor|de concentration of 12, 190 mg/L this sample was
obtained from a gravel bed at 24 ft below land surface In plots of Ca; l\/lg Na

v‘and SO versus chloride (fig. 31) sample no. 10 hes intermediate between sample

no. 9 and samples obtained from test hole no. 7 which was drilled approxrmately':

300 ft (90 m) west of the Tankersley plt no 9. Because ground -water flow in thls
area s from west to ‘east (Lee, 1986), transport of salt water from the.former p|ts
’ "S, malnly toward the eastv. ’A,l'ong ’t‘he flow path; salinity of the salt wa'ter
contamin’ant plume decreases as the salt water ,spreads out and‘ becomes 'diluted.
: Samvples from ’te‘s;t ‘hole no. "7 are less affected'by this :spread because test hole
no. 7 is located up gradlent (300 ft [90 m]) from the abandoned plts

ln 1978 the District Office of the- Rallroad Commission - of Texas analyzed

water samples from 21 water wells Iocated between Tankersley and Twin Buttes

’Reservorr ln plots of Ca, Mg, Na, and SO versus Cl the trend of these samples/ i

. con5|stently dlffers from the trend deflned by sample nos. 7 9, and 10 (flg 31)

‘Therefore, sample nos. 7. 9, and 10 are anomalous for this area. Leachlng of saltr"f e

from beneath abandoned dlsposal prts mlght account for this “anomalous water

b,‘composmon Richter and Kreitler (1985) concluded that the high salinity of a

water sample (thelr no. 39) from a weIl approxrmately 1. 000 ft (300 m) south of :'; :'

' »_the abandoned brrne disposal plt no. 9 most hkely resulted from the- mrxmg of:'jrl

' 'shallow ground water and subsurface brme Four additional samples from th|s well

were obtamed by the Rallroad Commrssron of Texas in 1985 followmg the Rlchter

'and Krertler (1985) report. Chemical composition of these samples does,not,follow

the‘ trend indicated by other’water samples but does fit the trend deflned by o
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Figure 31.

Plots of Ca. Mg, Na, and SO4 concentrations versus Cl in shallow

ground water in the Tankersley area. Data sources are:

+ - Railroad Commission of Texas records: o - well no. 39 (Richter

and Kreitler, 1985); and * - test holes 7. 9, and 10.
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sample nos. 7. 9, and 10 (fig. 31). This would indicate that the subsurface brine

that affected ground-water 'composition at well no. 39 possibly derived from

| leaching’of salt from the abandoned brine-disposal pit.
Abandoned Exploration Holes

Abandoned dry ho_les provide é pathway for subsubrface brihe to contaminafe
shallow ground—Wafef where surfacye-’cas‘in'g depth and location of plugs ‘are
“inadequate to prevent brine discharge, Cases of br‘ine flow at land surface and
contamination of shallow gfound ‘water have béen inVestigated by the Railroad
Commission of Texas; 11 wells Were reentered ‘ar}jd plugged in Tom Green County
during 1984 to 1987. ‘Some' exploration .holes had never been plugged. Other
boreholes haid inadeduate plugs. At test h‘olezbno. 22 (cuvrrent study), brine leaked
‘from the uncased séction of the hole into téﬂst hole no. 21, 150 ft (45 m) away
(fig. 27). | |

Similar conditidns may exist'irj other deep e‘xploratio‘n boreholes’ that ’were‘.
abandoned more than 25 year$ ago. Abandoned bofe,holes that poSsibly allow
~ Coleman Junction brine to flow u‘p‘war‘d i»ﬁto‘ perméablé units at shallow de’pths‘
appear to be most concentrated in southeastern Tohﬁ 'Gréen County (fig. 26). Test
drilling was performed in this ,aréa to detect possible‘ brine Ieakége'from abandoned
exploration boreholes.'vCurrevnt'reg’uIationsv speéify that siurbfav'ce éasings extend to.
depths from 150 to 350 ft (60 t<; 105 m) below land Surface, which reflects the
‘vapproximate depth to the base of fresh water in this a‘vrea‘. in 1985. the Railroad
Commission of Texas at San Angelo studied abandoned exploration holes in the
area after a ground water was encountefed with an uﬁUsualIy high chloride
cbncehtration of 4,676 mg/L at a depth of 75 ft (23 m). An ‘abandoned

~ exploration hole (no. 90, app. 3) with surfacev: casing extending to a 240-ft (73-m)
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- depth ‘alvnd a reportéd cement ‘pluﬁg ;at dep.f:hs of 204 to 248 ft (62 to 75 m), was
suspected as ‘th‘e’ source ‘.of salt Watér é-ppr_oximately i,.mi (1.6 km) south of the
contaminated well.‘ The abandoned hovle' was reentered and replug’ged by the
Railfoad; Commission c‘>f,' vTean. Durin’g‘thé pfesénf study,v, a.n identical séline water
(c’|;4',4'50 mg/L) was obtained at 75 ft (23 m) from test hole no. 23, drilled at -
the sfte‘ of the ‘contaminated and plugged wat‘er- _v've‘II. This suggests that brine is-
still moving tﬁroUgh the shallow subsurface ‘in this area. _Among several ho‘les fhat
could allow brine leakage f»romr'the Co'emén Junction Formation in this area, hole

ﬁo. 88 (fig. 26; app. 3) may .be fhe source, éo‘nsidering its p‘rdximity to test hole
no. 23 and the shallow dépth of its. surface casing (170“ ft‘[52 m]) and to
reported plugging (25 sacks of ceiment at 195‘vft [60 m]')'whe'n'compéred to the
depth oﬁf the base of fresh wat_er"('2‘5_0 to 325 ft [775‘to 97 m]. established by ':
TDWR) in that area. : | |

CONCLUSIONS

Natural movement of salt water from the San Angelo, San An‘dres and Clear
fork units into the shallow SIUbsurface of weﬁtern Tom Green County seems to be -
resfiongible for the r'egi‘o-nally' poor qualivtvy of vshéllow ground wéter. Brine ﬂpw from
deep and ovebrpresvsured formations:'UpWards via insufficiently plugged exploration
holes can affeét large areaé where many such wells exist. Similarly,. -contahination
of ‘water resources by Ie‘achihjg of salts from beneath abandoned brihe-dispésal pits
can affect areas where large a‘m"o:u’nts of briné were d'is_po'Sed. The;e tHree salt-
water sources affect s’hallow}ground—wat‘er quality in pafts of Tom Green Coqnty,‘
 Texas. The chemical composition 6f the Iikely' sources .of sa»lt Wafer are simvilar:v

" the similarity prévevnts the distinction of salt-water sources for most cases of
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‘pol‘Iution. TherefOfe, cor‘lt‘am‘ine‘mtion from natural and man-made sources can be
separated on‘Iy‘ by deductions based on the natural hydrogeologicakl‘setti;ngs and
“historical records of drill_ing”activitie‘s and b‘rinevdisposalv. o

P‘oor—q'uality g?ound wate;s in shallow aquifers m Tom Green and eagtern Irion
vCour‘lties, Texas, are c‘hemicalllyv_ most similar to subsurface _brinvevs from the San
Andres, San Angelo, and C‘Iear Fork units.  The su‘bsurfa.ce-v brih‘es vare moving
eastward along regional roW paths _an‘d are dischargihg into shallow aqﬁifer
systems in‘ western Tom Green County. Evidence for dvis”c.harg'e of brine from
rég‘ional flow systéms of the Permian Ba‘sin‘ include: (1) "potenbtio>metric gradient in
brine-Bearing formations showing eastward ‘flow toward formation outc'ers.
(2) prevalence of subéu'rféce brine just tené of miles west of outcrops. (3) excellent
correlatioﬁ éf Na and,Cl ionic ’concentrat-ions amoh'g ‘allv‘sampleﬁ. (4) associat'iOn_ of
Na-Cl ‘andv C.a—SO4 hydrochemical faC‘ies With"out‘cro'ps and subcrops of Permian
formations, (5) chémicall‘similérity »between'subsu‘r‘facev brines and shallow ground
water. and (6) artesian fluid Ppotentials of these forr‘nvations in test hole no. 5-.

Brihes from the Coleman Junctioﬁ Fofmétion ﬂi;w from the deep subsurfaice
‘into's‘hallow- aquifer units through inadequately pl_ugged boreholes. Disvc‘harge of -
brine from the Coleman Junction Formation is expected for the following reasons.
' (1) Artesian fluid poteﬁtials, in this ’brine.—bekéring unit are.- higher than those in
overlyingi'units .and are ,n‘ear or at land suvjr‘face, (2) Brine seeped from abandoned
hole no. 22 into test hole no. 21. (3) Over the past decades, several cases of
brine flowing at‘land :s‘,urface from abéhdoned holes ‘in Tom'.Green. Concho, and
Runnels Counties were reported and were attributed to flow éommﬁnication |
between the holes and the Coleman J‘unction aquifer.. e

Leachingv of salt frOm soils underlying abandoned vbrine;disposa'I ponds is an

ongoing process _tw’oﬁ'decadés after this disposal method was discontinued.
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Differences in salinity of s}oil and ground -water u‘nder aba'ndoned ,d.is_posal pits are'
~probably associated with‘thev h'istor.y of brine disposal at each site.

'_I'he'e,xist'ence of ,,deep "wate‘r we_ll's: :that ‘possibly ‘al,low upward flow of saline
- water into better quality zones could not be documented. ‘Re'g,ionally._ the pot-ential'
for cOntamination from. the few reported ‘water wells probably does not play a
sngnlflcant role realtlve to, the other sallnlty sources.

Hydrochemlcal faC|es and Br/CI CI/‘SO and Na/Ca ratlos used together help
d|st|ngmsh where shallow ground waters are: lnfluenced by subsurface brlne bemg,:
“discharged from the Permlan Basm reglonal ground- water flow system. However '
’b‘ecause the brines in the San Angelo. Sanv Andres, and Clear Fork units are -
chemically similar to brines in‘ the Colema'n 'Junction- FOrmation lt is not *alvvay.s
possrble to dlstlngmsh between natural sal|n|ty and artrfrcral contamlnatlon of
shallow ground water In western Tom Green County natural mlxtures of shallow
‘ground water and dlschargmg San A‘nge.lo._San Andre‘s, and Clear' Fork’ b’rmes
cannot be separated from mi‘xtures of shallow ground water‘and Coleman Junction
brine moving upward in madequately plugged weII bores In eastern 'l'-om Green :
County, where Clear Fork formatlons crop out, brlnes are not known to occur, but
the Permlan formatrons do have dlstmct hydrochemlcal facnes Instances of"hlgh}
sallmty in_shallow ground water in eastern Tom Green County most I|kely are
‘associated with lnflow of brlne from the Coleman Junctron Formatlon : |

Chemical and ISOtOplC analyses of shallow ground waters and subsurface brmes
“included some constituents that proved useful for this study and others—- that dld
not meet expe'ctations In thls study plots of major chemlcal constltuents such as
Ca, Mg. Na, SO, and Cl and plots of Na/Cl. Na/Ca. and CI/SO ratios were thef
~most USeful tools used to distinguish between,brmes and“t_o dlstlnguish salt water

leached from beneath abandoned brine-disposal pits from other types of salt water.
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Low Br/Cl ratios in chloride-rich ground \rvater in‘dicate mixi‘ng’ between ‘shallow
- ground weter and sub'surface. brines from Sah Andres. San Angelo,»la‘nd,CIear Fork "
units. Information gained from oxygen (5180). hydrogen: (Hz), carbon (613>C),: and.
sulfur (5345) isotopes was similar to in'formatior‘r g‘ain‘ed from major ions:‘th‘erefore,
routine measureme‘nts in salinityv‘ investigations of this kind is not'justified. The
differenee m ’cohcentrations_ of organic acids '(acetateg and'propionate) betWeen:
brines in Pennsylvanian vers'us San vAngelo. -San vAn'dres. :and ‘Clear Fork units
allows another basis for dvistinct’ion.i However, because the aliphatic acid anions are
dilute‘-in‘ the subsurface brines at shallow depths and might be d_estroye_d by
bacteria in shallow aquifers, these constituents p.robably cannot be used to

recognize sources of salinization.
'RECOMMENDATIONS

This p‘rogram field tested three hypotheses onvfthe sources of brine. Detailed

| testlng of any one source, however was not possible. Two areas that need

.
N

additional work are the contammatron potential from abandoned brme dlsposal pltS‘
and the effectiveness of plugs set at different depths in a‘borehole in preventmg
brine migrétion, to potable ground-water' supplies.

To assess contamination of»water ‘reso_ur‘ce's by abahdorred drsposal ‘pi'ts. an
inventory ahd mapping of all former sites of brine disposal is tneeded. Many former
disposal sites can still be re'cvogniZedb (1) from aerral photographs (2) in*‘the'field‘,
from a lack of vegetation 'cov»er,;and (3) from questronnarres sent to operators of
oil wells. Test drilling and geophysrcal mvestlgatrons at additional sites to trace
the extent of salt- water plumes moving from those sites by more detailed
monitoring W|II help to quantify Salmlzatlon hazards 'assocra’ted with abandoned

brine-disposal pits. Abandoned disposal pits that were previously investigated
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should. be tested first to determine how rapidly sali’nity“,‘associated vyith the salt-
‘v}vater»’plumee is changlng. ‘

The effectivene"‘ss‘ of plugs set at vdffferent-depths [needs to be in'\‘/estigated.
Cement plugs are generally set at, the base of'fresh water. Surf_a‘ce.casving' is also
set from land surface tothe »byase of 'fresh-water.‘ 'In‘.‘Tolm‘: Green County, 'pllugjs '

have also been set at the top of the Coleman Junction Formation. The importance

of these Coleman Junction plug's"is unknown Ther‘e"are brine—bearing' formations . .

above the Coleman Junctlon that Would be unaffected by this plug Wells wrth'
plugs at different depths need to be monltored A well wrth just a plug at the
base of fresh water should be monrtored and a well with an addltlonal Coleman
Junction plu:g, should be monitored to »deter‘mine whieh_ approach'effectiVeI-y’ prevents

brine migration.
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Chemical composition of shallow ground water.
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403

" 4561

329
293
293
445
390
323
482
323
329
323

364

494
256
421
244
348
305
226
329
244
299
171
122
336

SO

1377
112
191
178
54
. 49
349

643
240
1357
1886
108

Cl

420

NO

- 38.0

- 22.9

. pH

Sample
date

10/01/40

12/05/40
12/05/40

' 84/05/39

10/01/40
10/01/40
02/17/38
10/01/40
04/05/39
02/17/38
99/09/40

' 99/11/40

29/11/490
16/01/40
10/01/40
91/12/41
09/30/40
24/04/39
09/30/40
09/30/40
09/30/40
11/29/40
11/28/49
11/28/40
11/29/40
11/29/40
11/28/40
09/30/40
02/18/38
09/30/40
10/02/40
10/02/40

10/02/40
10/02/40
10/02/40
10/02/40
10/02/40
91/16/41
21/16/41

Forma-
tion

Sample
depth
(ft)

119
110
100

87
50
90
100
70
86

60

Land

eleva-

tion
(ft)

1990
1990
2005
2180
2180
2015
1965
1945
1940
1920
1920
1915
1919
1935
1940
1900
1900
1945
1945
2020
2035
2309
2120
2180
2260
2340
2205
2009
2040
2049
1959
1880
1860

1855

1860
1840
1820
1800
1755
1770

A

B
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Lat.
(utm)

3486969.9
3487414.3
3491338.2
3491026.2
3489820.9
3489796.8
3489580.3
3489580.2
3488061.6
3487828.5
3487186.5
3487178.4
3491114.0
3484291.3
3482942.3
3481668.9
3482046.7
3483298.4
3481569.8
3480608 .6
3482050.4
3482781.7
3482789.7
3480845.7
3479451.4
3478963.1
3477384.4
3476491.6
3478796.8

13482477.7

3481966.6
3481871.1
3483715.5
3484781.9
3485577.9

. 3480127.3

3478928.0
3476762.5
34786547.8
3473918.9

Long.
(utm)

487863,
480046,
472342.
471519.
470090.
470090.
470039.
470047 .
472063,
469978,
465027.
465035.
464646,
463056.
460146 .
463194.
466663,
468953,
469664.
472137.
471897.
4739965.
473996.
473877.
472100.
472617.
477073.
479871.
479559.
475985.
478764,
484849,
4854286.
484751.
488578.
486829.
488057.
486384,
484252.4
482994 .5

COHOHHIEWWAWONNOEROWODOAONOWONWNAWNINSNN®N

Ca

160

192

120

87
192
127
185

. 129

684
177
146
157
132
130
118
236
488

Appendix'l (cont). . Chemical composition of shallow'grouﬁd water.

Mg

Na

57
92
154
173

140
141
175
12
60
37
25
44
295

82
184
191
435
129
106
147
1486

86

97

92

16

103

106
72
230

81
123
179

156
368

83

HCO

293
262
207
134
268
275

“171

299
348
214
329
360
525
238
360
561
390
403
171
282
262
134
251
282
220
293

256

348
311
250
268
232
293
232
299
281
275
354
323
276

.80

83

94
1668
1803
10690
1419

498
411

23
1547

50

23

53
2211

563
196
181
1968
1680
138
1284
686
88
92
88
89

104

142
576
123
2630
108
72
-121
200
211
125
282
2138

Cl

300
279
74
76
205
220
336
370
18
230
60
48

269
250

13
320
510
409
442
340
160
345
200

220

230
108
110
164
180
209

365
380
270
269
299
1690
630
148

NO pH

31.90 -

Sample
date

91/15/41
91/15/41
10/02/40
10/02/40
©2/18/38
10/02/40
02/18/38
10/02/40
01/22/41
01/22/41
92/17/38
09/30/40
09/30/40
10/02/40
04/04/39
16/31/40
10/29/40
01/22/41
10/30/40
09/08/41
09/08/41
21/25/41

29/08/41

09/08/41
10/31/40
11/19/40
11/18/40
11/01/40
10/29/40
16/29/40
18/29/40
10/29/40
21/16/41

91/16/41

91/15/41
10/29/40
10/29/40
10/31/40
16/29/40
10/31/40

Forma-
tion

Sample
. depth
(ft)

60

50
69
99
99
46
46
50

70
70
38
175

31
52

192
85
90

128

128
86
65

‘90
55
82
60

76
80
58
70
69
38
38
48

‘99

Land

eleva-

tion
(ft)

1749
1810
1820
1820
1820
1820
1820
1780
1820
1870
1870
1900
1870
1860
1820
1810
1780
1810
1825
1816
1820
1820
1825
1830
1830
1800
1790
1789

1805

- 1786

1760
1755
1750
1755
1760
1770
1770
1810

A
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Lat.
~ (utm)

3473346.5
3473134.4
3473456.2
3469505.5
3469679.5
3469010.7
3470068.6
3470908.0
3470922.6
3472352.0
3473864.2
3476031.3
3475505.4
3472850.8
3471105.5
3475748.9

3471508.6

34715632.9

3471723.8

3475759.2

| 3474780.1
3473695.0

3475947 .5
3475963.5
3478237.1
3476251.5
3476267.56
3476204.0
3475400.4
3478423.1

3478688.2

3478879.9
3477761.7

'3474211.0
-3474202.9

3473385.1
3474212.0

 3474439.0

3474526.9
3476833.6

Long.
(utm)

482831.5
483588.0
486204.9
488169.4
487511.86

.486670.3 .

483993.6
477070.7
476829.6
475470.9
477035.9
475455.7
472299.1
473041.6
471697.6

 468884.4
465250.0

465226.1
465047.2
465447 .4
463067.6
462978.1

461964.5
'461972.6

460924.9
460712.5
460712.4
459996.9
454443 .6
453484.5

452221.6 -

452036.8
444978.2

- 447506.1

447605.0
444130.4

'443878.7

441835.9
440337.1

0 442474.2

“Ca

66
65
67
197
94

Appendix 1 (cont). Chemical composition of shallow ground water.

Mg

Na

HCO

378
293
329
262

- 317

409

329 .

226
201
275
262
238

281

275
214
281
293

280

256
226

317

226

244
290 -
. 317

317
378
311

140

427
415
6506
637

421

421
378
415
470
323

SO

197
614
217

238

169
-315
169

79

1098
753

154

100
104
225

cl

148

82200

330
44
42

220

192

210
230

NO

pH

llllll_ll)'v‘lll!l.lllIlllIlllOlllllll.l‘Illlll

Samp le
date

10/31/40
11/11/49

10/31/40

11/16/40
11/15/40
11/15/40

11/11/40
©2/16/38

92/15/38

1 11/06/40

11/01/40
11/01/40

11/01/40
11/06/40
©2/15/38

11/01/40
02/15/38
10/03/40
02/15/38
11/81/40
10/22/40

10/22/40

02/15/38
10/03/40
08/19/40
02/16/38
18/03/40
09/04/40

" 88/21/40

08/22/40

28/22/40

08/26/40
08/26/40
82/18/38
08/22/40
08/22/40
08/26/40

08/28/40

08/26/48
08/26/40

Forma-
tion

Sample
depth
(ft)

Land -

eleva-

tion
(ft)

© 1816

1800
1805
1845 -
1845 -
1845
1830
1860
1860
1850
1830
1820
1830
1855
1870
1835
1860
1860

/1860

1855
1865

1865

1879
1879
1840
1870 .
1879
1865 -
1900

2074
1910
2080
1970
1970
1980
2000
1985
1970
2020

A

16

16
‘18

16

16
13

15

14

14

16

16

16

14
16
14
14
14
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Lat.
(utm)

3477922.5
3478681.9
3478971.6
3479821.3
3479851.2
3479472.6
3478642.1
3475290.7
3471623.1
3470535.6
3470800 .3
3471878.9
3470418.5
3470829.2
3469898.7
3468776.7
3466390.2
3464138.9
3457095.8
3457866.4
3459447.8
3459473.5
3460278.3
3460441.2
3461749.3
3461991.9
3464534.5
3466921.4-
3468968.9
3468492.3
3465589.9
3463689.1
3464572.4
3464603.3
3464517.86
3469425.9
3470762.5
3473125.4
3470230.7
3469421.2

Long.
(utm)

442613.1
442676.4
444628.8
443231.7

441840.9

441731.2 .
439213.4
436430.7
435720.6

- 437569.7

439665.4
442044.7
442377.0
441393.4
440572.3 .
438860.5
438845.7
438748.0
436479.4

439692.4
. 440392.6

439516.2
439646.9
438936.2
438566.9
440936.4
441930.5

441657.9

443428.4
444796.9

444251.1

443799.3
448929.8
45@875.1
452290.7

448627.5
453119.4

459213.5

. 469069.8
458666.2

Ca

62
128
134

-137

16
158

187

Appendix 1 (cont). Chemical composition‘of shallow ground water.

Mg

Na

25

282

270

243

107
776
230
116

1187

158

100
169
161

S V-2 4

621
110
255

36
-185

52
91

193

44
116
324
288

22
194

92
188
226

208
249

HCO

354
482
244
281
494

451

366
494
342

378

384

397 -
384
580-
500 .

403

421

445
427

416 -

409

- -354
305

427
323

- 360

323

409 .

378

409 -

366

275

317
458
348
403
342

' 256
- 329

Cl

Sample
date

a8/26/4b
08/26/40

. -08/26/40

09/03/40

' 99/03/40

09/03/40
#8/26/40
08/27/40
08/27/40
08/27/40
08/27/40

© 28/22/40

08/23/40
08/22/40

028/22/40

02/21/38
08/23/40
08/23/40
08/27/40
08/21/40
08/21/40
08/27/40
08/27/40

08/27/40

08/27/40
08/21/40

08/23/40

08/23/40
08/23/40
08/23/40

'98/21/40

08/21/40
09/04/40
09/04/40
09/04/40

08/23/40

08/21/40

'09/04/40

09/084/40
09/04/40

Forma-
tion

Sample
depth
(ft)

83

120
60

" 151

87
60
160
125
74

46
30

. 48
35
50
35
65
67
50
60

47
40
65
49

87
90

80
. 26
30

80
99

Land

eleva-

tion
(ft)

2045
2040
2100 -
2080
2079

. 2085

2129
2000
2220
2080
2009
1949
1940
1950
1980
2010
1989
2020
2079
2079

- 2040

2040
2050
2040
2000
1970
1970
19508
1950
1970
2020
1970
1960

1945

19190

1890

1885

©.1910

1910

A

13

14
14

13

14

13

13

14

16

13

13

13

13

13
13
16
13
13

13

14

16
16
16

10

14

14

B
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68

' 3469175.

'3467099.

- 3467482.

3454644,
'3463792.

| Lat.
“(utm)

 3464841.5

34682456.2
3461023.6
3462280.
3462919.
3464916 .
3465782.
3464965.
34666543.
3467686.
3467285.
3469183.

3468873.
3470551,
3470606
3469292.
34686521.
3465764
3466412.
3467223.
3467191.
3467111.

3465714,
3465321.
3458346,

3455138.
3447299.
3447726.
3450655,
3454668.

3483816.

~ 3455707.4

3456715.6
3450619.9
3460241.8

OCOWBONONWANAAMHFHFHFIANOOLNWEFAEANHFROODOOOTW

Long.
(utm)

-466239.7

464502.2
467455.5
468852.9
467272.3
467053 .1

1488690.5

489338.2

471312.6

470331.1
468356.4
466348.2

- 469491.7

472074.6
473648.5
473954.0
475307.3
475353.8

" 476747.4
476817.8

483242.3
484551.5
489097.3
489136.9

485918.9

485907.7
475836.7

| 475429.9

485199.1
487657.2

486806.1

465350.3

462498.9
462498.8

457857.9

- 457830.3
453434.4
453442.3

4527602.1

'451503.4

Ca

11
79
92

427

104

87

527

771

284

Appendix‘i (cont). Chemical composition of shal]ow‘grouna‘wator.

Mg

Na

HCO

348

- 305

293
244
378
372
311
6500

305
- 299

305
287

- 305
. 268

317
3905

207

336
299
342
329

122

293

‘256

317

‘384

293

- 293

378
299

299

275
299
329

311

293
342
372
952
445

SO

93
.62
66
1734

621

1416
2814
714
520

87
1285
- 1921

295

140
791

192

369

312
312
1172
1745
1536
575

31
.24

v43,

25

83

27

25.

18
707
832

‘N

03 pH

Sample
date

10/06/40
18/17/40
10/15/40
95/12/37
10/15/40

10/15/40 .

108/17/40
10/17/40
10/22/40
106/22/40
16/17/40
18/17/40

10/22/40

18/22/40
106/22/40
10/22/40
11/14/40
11/14/406
11/14/40
11/14/40
92/16/38
11/16/40
02/15/38
10/03/40
11/15/40
11/15/40

10/30/40
10/15/40

10/18/40
10/18/40

19/18/490

10/10/40
82/16/38
10/10/40
02/18/38
09/04/40
02/16/38
10/21/40

92/17/38
92/16/38

Forma-
tion

Sample
depth
(ft)

129
160

110

‘Land
eleva-
tion’

(ft)

1905
1936
1980
19890
1935

1905

-1895
1920
1920

1890
1880
1865
1865
1885
18790
1870
1880
1890

1929

19156
1865
1870
1860
1860
1880
1890
2000

2050
2160
2180

1950
1950
20165

2015

2040
2060

A
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" Appendix 1. (cont). Chemical composition of shallow ground water.

Land
: o Sample eleva-

Lat. Long. . ' Sample Forma- depth tion

(utm) (utm) Ca Mg Na K HCO3 SO4 Cl NO3 pH date tion (ft) (ft) A
3450249.9 451495.4 229 . 101 3778 -. 878 892 5360 - - 10/03/40 - 700 2060 - 6
3448891.4 451740.4 117 1085 38 - 329 449 28 36.0 - 292/18/38 - 50 2050 11
3444865.1 452837.3 60 17 31 - .287 - 27 - - 98/20/40 - - - 1
3447487.5 458161.6 80 14 12 - 293 10 .21 - - 10/21/40 - 140 2175 1
3441091.2 450973.6 89 16 15 - 278 17 15 - - 22/17/38 - 120 - 2115 1
3441099.2 450981.7 38 18 24 . - 1956 - 39 - -~ 10/03/40 - 120 2115 13
3441890.6 447158.2 81 - 12 19 - 305 16 19 - -~ .18/14/40 - 120 2170 1
3442660.5 443030.2 94 22 - 81 - 299 93 119 - - 10/14/49 - 220 2280 186
3499152.8 449025.4 60 73 211 - - 354 377 169 1.5 7.9 07/20/50. KCT 200 2180 8
35037790.0 466110.0 86 67 43 - 360 74 149 18.8 7.4 ©3/21/50 KCT 175 2080 13
3503481.1 456001 .7 201 81 96 - 189 780 65 7.2 - 01/28/49 KCT-QLe = 158 2240 156
3506050.3 474676 .2 65 48 13 - 284 37 75 12.9 - 10/97/48 PLC 132 1985 9
3504144 .4 474731.8 73 45 25 - 294 - 32 78 45 .0 - 10/07/48 PLC 140 1966 13
3503806.4 474777.9 34 39 20 .- 184 31 67 16.0 - 10/07/48 PLC 82 1947 9
3503666.5 473312.6 76 41 46 - 370 45 50 45 .0 - 21/28/49 PLC - 120 1970 . 13
3602706 .4 474614.6 63 49 26 - -+ 322 36 490 256.0 - 1@8/07/48 PLC 79 1928 13
3502213.5 475808 .2 84 39 37 - 322 32 50 56.0 - 10/07/48 . PLC 79 1922 1
3501045.3 423794 .8 75 64 23 - 371 55 - 63 6.1 8.0 ©07/21/59 KCT 118 2190 13
3498064 .9 426249.1 68 .36 7 - 363 9 ;11 6.6 8.2 ©@7/20/506 ' KCT 65 2310 1
3496830.0 423631.8 50 47 19 - 334 20 26 28.0 8.1 07/20/50 KCT 72 23190 9
3496295.7 419393.5 62 24 17 - 277 39 12 6.1 7.8 @7/25/50 KCT 125 2280 1
3495972.7 422097 .5 150 . 63 26 - 277 421 17 2.6 8.1 07/21/50 KCT 209 2305 3
3502666 .4 428963.0 60 45 18 - 362 24 36 0.0 8.1 07/20/50 KCT 160 2100 13
3497366.0 430396.8 384 231 140 - 191 1779 151 6.0 7.7 07/08/50 - 178 2230 15
3496889.5 429432.0 64 31 15 .- .. 302 34 .13 3.2 7.9 ©7/28/59 KCT 120 $ 2220 - 13
3501975.4 448539.8 82 62 215 - 331 329 192 1.2 7.8 ©07/20/50 KCT . 1502 2229 8
3499949.3 459715.3 56 - 63 101 - 424 144 58 0.5 7.3 05/02/50 KCT 77 2100 13
35015681.5 474797.2 88 51 71 - 380 89 139 33.0 - 10/07/48 PLC 83 1918 13
3499404 .0 474834.9 76 41 37 - 358 31 71 18.0 - 10/07/48 PLC 89 1890 13
3500129.9 475381 .4 58 38 .13 - 320 19 28 8.0 - 10/07/48 PLC 116 1900 13
3498829.1 473128.4 82 49 30 - 328 38 78 9.5 - 01/24/49 PLC 100 1920 13
3497946.1 474805.3 87 49 63 - 436 66 71 2.2 - 18/07/48  PLC 104 1885 13
3497335.4 475067 .8 77 48 37 - 368 37 81 9.0 - 10/97/48 PLC 57 1875 13
3496825.6 475566 .0 98 60 62 - 272 242 86 12.9 - 10/07/48 PLC 45 1850 - 16
3490960.1 421625.5 41 © 36 25 - 242 . 81 18 2.0 8.2 ©07/27/50 KCT 148 2400 13
3490118.1 408524.0 48 29 12 - 256 23 18 7.2 8.3 @7/25/50 KCT 1356 2420 13
3489403 .8 415147.8 78 28 9 - 347 12 12 4.8 8.1 07/27/5@ KCT 72 2310 1
3492724.8  430586.2 84 29 10 - 382 16 12 6.0 7.8 07/07/50 KCT-QLe 48 2180 1
3485113.1 438643.5 68 38 19 - 392 19 13 9.2 8.0 ©07/11/50 KCT 205 2300 13
3478234.1 437073.3 24 64 59 - 348 46 b1 3.5 8.2 09/15/50 QLe 51 2000 9
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Appendix 1 (cont). Chemical composition of shallow grquhd water.

Land
Sample eleva-
Lat. Long. Sample Formg- depth tion
(utm) (utm) Ca Mg Na K HCO3 ’504 cl N03 pH - date tion (ft) (ft) A
3491161.9  450508.0 88 39 37 - 400 28 66 8.6 7.8 @8/15/50  QLe » 90 1964 .13
3488739.8 468122.7 156 118 265 - - 285 137 750 20.0 7.1 ©5/05/50 PGPR 99 1925 - 14
3475879.1 459759.5 904 3490 431 - 398 14790 19990 3.5 - 10/11/48 PLC 135 1860 14
3476644.2 459720.6 93 67 80 - 364 98 162 32.0 - 106/11/48 - PLC 63 1859 16
3476739.7  450788.1 32 158 195 - 482 @ 472 166 45.0 8.2 ©9/14/60 PGPR 29 1960 12
3493677.1 461637.3 54 41 29 .- 370 29 17 12.8 7.5 ©05/03/50 PGPR . (]7] 1980 13
© 34894909.8  465187.8 50 62 49 - 375 52 27 34.0 7.5 ©03/21/58 QLe 40 1880 9
3493308.8 = 472921.8 52 35 39 - 300 20 65 1.2 -  @1/28/49 PLC 85 1840 13
349330@4.2  475681.8 614 128 73 - 188 1689 162 22.6 - 10/07/48 PLC 98 1831 3
3488194.3 475839.1 212 113 108 - 250 662 232 2.2 - 09/24/48 PLC 42 1731 .15
3482091.8 475727.1 386 164 169 - 168 1340 325 3.8 - 09/27/48  PLC 120 1816 15
3481476.2  472373.7 108 62 187 - 277 - 129 245 12.06 - 18/27/48 QLe 110 1822 16
3481446.7 . 471879.7 234 103 126 - 240 281 545 30.0 - 11/03/48 PLC-QLe 150 1820 14
3480992.0  470565.8 138 52 90 - 240 111 288 46.0 - 18/26/48 PLC-QLe = 114 1820 14
3481100.4  469783.5 146 59 49 - 258 112 262 39.0 - 190/26/48 PLC-QLe 177 1818 2
3478467.8 461107 .9 194 110 186 - 314 263 560 24.0 - 10/12/48 PLC 73 1840 14
3478480.2 462649.6 228 158 121 - 90 217 830 13.6 - 10/16/48 PLC - 80 1840 14
3478875.5 467060.5 96 34 35 - 256 34 134 26.0 - ~ ©21/20/49 QLe 70 1836 4
3479363.5 472538.1 126 44 106 - 258 86 2865 18.00 - ©1/20/49 - QLe 96 1829 - - 14.
"3479443.6 474447 .2 84 46 90 - 196 86 = 230 24.0 - 186/27/48 PLC-QLe 100 1825 14
3479357 .0 474848.7 448 193 147 - 198 1730 190 2.0 - 11/03/48 PLC-QLe 119 1822 3
3478872.8 476035.6 100 45 71 - 260 81 198 16.9 - 11/03/48 QLe 100 1811 16
3476832.4 - 463013.1 328 138 210 - 64 912 560 2.5 - 190/12/48 PLC 80 1860 15
3491339.9 . 479885.7 264 101 189 - 237 1060 126 1.8 8.0 ©4/19/51 PLC 180 1750 15
3491107.1 479027 .4 454 162 246 - 268 1760 185 - 7.8 08/91/50 PLC 218 1785 15
3487068.7 479592.2 130 - 54 96 - 265 216 201 23.0 7.3 01/04/51 PLC-QLe 163 1770 18
34832556.7 478636.5 108 42 88 - 265 162 220 19.0 7.5 ©4/19/51 QLe 101 - 1805 16
3483091.5  478779.4 112 43 86 - 287 114 204 24.0 7.2 ©1/30/51 PLC 156 1803 18
3481722.5 488132.9 148 75 74 - 424 163 205 63.0 - 09/27/48 PLC 87 1736 16
3480194.8  486929.6 114 35 101 - 232 160 176 . 68.0 =~ ©1/20/49 PLC 25 1768 18
3478597.3 484623.3 199 73 192 - 288 297 400 129.6. - 91/2@/49 PLC - 67 1770 14
3478925.9 483122.1 408 192 205 - 188 1930 186 2.9 - 01/208/49 PLC 103 1760 15
. 3475035.8 - 442542.5 66 - 40 46 - 348 20 84 4.5 7.5 ©09/14/50 QLe 73 2000 13
3472229.9  452815.3 2460 1050 16000 - 405 3180 29500 - -  19/08/48 PGPR ©122 1900 6
3467897.8 445076.1 123 49 288 - 409 295 345 - - 28/23/49 QLe 37 1950 8
3474549.9  462613.1 382 189 . 457 - 242 246 16800 16.8 - 11/12/48 PLC - 100 1866 14
3474833.56 462820.2 390 179 541 - 244 178 = 17680 23.0 - 11/12/48 PLC-QLe 87 1863 . 14
3474102.0  474838.4 121 63 93 - 282 118 268 8.7 - ©09/27/48 QLe 78 1835 14
34734390.1 461731.8 454 193 700 - 264 425 1970 24.0 - 04/09/48 PLC-QLe - 100 1875 14
3471611.9  462814.6 174 65 196 - 332 190 630 30.0

7.3 08/28/50 PLC-QLe .92 1880 14
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".Appendix 1 (cont). Chemical composition of shallow ground water.

‘Land
. Sample eleva-
Lat. " Long. o : Sample Forma- depth tion
(utm) (utm) Ca - Mg Na - K HCO3 SO4 cl NO3 pH date tion (ft) (ft) A
3472934.8 471955.0. 103 44 99 - 275 - 93 2156 9.0 - 12/16/48 QLe 110 1855 18
3471122.8 474176.8 247 72 98 - 299 464 = 267 2.6 7.7 ©8/30/50 PLCfQLe © 140 1863 4
3471034.5 469955.1 108 44 120 - 290 - 96 . 253 9.8 7.5 ©08/28/50 = QLe ) 117 . 1861 14
3470637 .2 475499.4 112 47 68 - 326 203 - 85 2.0 - 09/22/48 PLC 95 1867 16 .
3469556.2 475274.8 179 . 69 45 - 275 4490 -100 3.6 - 12/23/48 PLC 207 1880 3
'3467385.3 469864 .4 124 41 138 - 292 134 276 6.3 7.5 ©8/28/50 QLe ’ 128 1888 14
34727562.7 488@81.7 544 228 124 - 244 . 2149 98 2.0 - 12/08/48 PLC : 62 1820 3
3467205.4  487222.1 539 243 151 - 242 2200 116 0.0 - . ©91/27/49 PLC 78 1865 15
3465255.65 483258.8 112 = 82 84 - 318 263 188 2.0 - 01/20/49 - PLC .98 1895 16
3455961.9 435829.1 66 34 289 - 308 307 2562 2.8 7.9 ©09/21/50 KCT 60 2080 . -8
3453325.4 445117.5 52 33 613 - 343 528 540 = 6.9 7.4 05/19/50 KCT 148 2150 8
-3452502.6 452362.3 .90 26 71 - - 378 75 62 14.0 7.9 ©05/18/50 KCT 60 - 2010 13
3449322.7 448349.9 78 21 .. 1@ - 3192 14 - 16 13.0 7.8 ©5/18/50  KCF Y 2200 1
3496396.2 437764.9 82 62 43 - 378 104 64 4.0 8.0 07/07/50 QLe : 66 2016 13
3496396.3 . 437788.2 99 62 42 - 399 100 68 3.8 7.2 08/19/47 QLe i 66 2015 13
3483980.4 472494 .5 220 97 117 - 287 181 625 . 47.0 - 24/06/48 PLC-QLe 79 1805 14
3482029.6 477768.7 - 98 46 84 - 274 112 184 19.0- - 11/05/48 QLe : 123 1810 16
3468880.8 474855.7 302 118 66 - 240 914 1686 1.2 - 21/03/49 PLC 214 1884 3
3450107 .1 '442854.3 67 -26 . 14 - 308 16 19 4.8 8.0 95/19/50 KCT 177 22585 1
3487778.0 417930.7 80 33 18 - 411 - 13 1 - 7.7 ©9/13/67 QA 1-KCT 80 2300 1
3485399.4 419996.4 72 -32 19 - 361 23 - 20 = . 7.8 ©99/11/67 .QAl 45 2220 - 1
3485499.1 430392.2 - 51 36 33 - 333 36 22 - 7.7 18/@3/67 KCT 165 2240 13
3481309.0 417293.1 63 - 33 11 - 298 28 11 - 7.9 ©9/12/67 KCF-KCT 120 2330 13
3480689.8 . 420@921.1 66 31 7 - - 318 12 12 - 7.7 ©9/12/67 KCT 91 22690 1
. '3484047.9 421496.4 72 32 16 - 381 21 . 18 - 7.7 ©9/11/87 QAl 39 2199 @ 1
. 3482339.7 428236.0 97 - 68 31 - 439 15 63 - - 25/16/40 KCT ‘90 2129 13
'3482299.9 428235.4 138 66 - 54 - 432 77 138 - 7.5 108/05/67 KCT b 75 2120 13
3477416.0 < 416829.2 72 41 - 31 - 412 38 26 - 7.8 ©8/09/68 - QAI-KCT - 556 . 2180 .13
3476616.1 420323.3 = 500 173 79 .- 184 1780 668 - 7.4 09/15/67 QAI-KCT 121 2130 3
3478406.0 @ 425168.9 145 108 129 - - 421 208 361 - 7.6 ©9/08/87 - QAI-KCT 62 2090 16
3471600.1 418827.7 . 85 30 8 - 395 10 7 - 7.4 07/12/67 KCT 52 2200 1
3475296.9 418302.5 37 49 - 61 - 342 68 65 - -<. 05/21/40 KCT-TrD 40 2130 13
3475296.8 - 418319.4 208 126 219 - 378 713 319 - -  098/25/40 KCT-TrD 96 . 2130 16
. 3475312.9 418294.7 81 63 42 - 436 ° 64 80 - 7.8 ©07/22/68 KCT-TrD 56 2130 13
3472814.0 . 421999.9 . 84 42 16 ~ 444 14 25 - 7.3 ©7/12/67  KCT . 73 2180 1
-3474404.0 - 427556.8 79 37 14 - 405 17 18 - 7.9 10/06/67 KCT 100 2180 1
3474803.6 425362.3 58 49 41 - ..375 65 22 - 7.8 10/06/87 KCT 143 2200 13
3484160.9 433242.1 49 34 49 . - 295 72 24 - 7.9 10/03/67 KCT 1156 2149 - 13
3478960.8  429001.4 125 59 61 . - 403 18 240 - - ©@6/25/40 QAI-P 65 - 2088 18
3478968.4 429025.4 141 75 78 - 317 79 324 - 7.6

10/85/67 QAI-P 99 2080 14
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Appendix 1 (cont). Chemical composition of shal(ow ground water.

Land
Sample eleva-
Lat. Long. Sample Formg- depth tion
(utm) (utm) Ca Mg Na K HCO3 SO4 . Cl NO3 pH date tion (ft) (ft) A
3477051.6 429427.1 114 49 177 - 361 116 320 - - 7.6 10/26/66 QAI-P © 40 2040 14
3478303.3 430934 .4 86 650 25 - 378 16 100 - - 968/25/40 QAI-P 72 2085 13
- 3479876.9 430185.7 119 91 174 - 405 97 432 - 7.8 10/05/67 QAI-P 108 2100 14
3478244.9 433274.3 84 27 32 - 332 26 32 - 7.5 ©9/07/67 QAI 65 2020 13
3467161.7 418182.5 59 22 16 - 278 15 18 - 7.8 ©7/22/68 KCT 240 2430 1
3470142.5 417971.6 77 21 19 . - 292 29 . 31 - 7.4 ©7/22/68 KCF 236 2359 1
34790122.1 419611.9 59 28 9 - 281 18 18 - 7.3 ©@7/22/68 KCT-TrD 27¢ 2360 1
3469628.4 421998.8 89 20 9 - 293 12 13 - 7.6 ©8/07/87 . KCT 70 2210 1
3468291.4 424813.7 310 164 278 - 265 1240 348 - 7.5 08/07/867 P 113 2180 - 16
3462692.2 416680.5 70 23 29 -. 272 29 49 - 7.4 ©2/28/68 KCF-KCT 73 2330 1
3484134.4 417633.9 - b8 27 13 - 284 24 15 - 7.8 ©2/28/68 KCT 150 2340 1
3462444.7 419335.4 68 30 [} - 304 11 9 - 7.7 ©2/28/68 KCF-KCT 185 2350 1
3462157.8. 424051.4 129 62 8¢ =~ - 357 141 181 - 7.5 ©8/29/67 QAl 44 2150 16
3465651.3 424931.1 610 201 665 - 253- 2298 851 - - 29/268/60 P 202 2160 15
3465543.4 424931.0 640 190 690 - 234 2279 880 - 7.2 ©8/07/67 P 202 2160 15
3464457.9 424596.0 96 29 35 - 364 57 68 ~ 7.2 08/07/67 QAI-KCT 66 - 2140 1
3465388.1 428319.6 96 40 112 - 320 213 128 - 7.9 ©7/19/68  QAI-P 79 2090 16
3465800.2 427920.9 202 75 234 - 4583 449 342. - 7.6 12/08/67 QAI-P 40 2090 16
3463696.5 427928.2 171 83 331 - 327 700 359 - 7.5 ©7/19/68 QAI-KCT 89 2140 16
3465334.6 427719.2 139 51 122 - - 428 167 233 - 7.9 ©07/23/68 - QAI-P 62 2090 16
3459526.8 419849.1 69 29 9 - 268 31 42 - - 27/23/49 KCF-KCT 160 2355 1
3459534.6 419857.2 75 .33 14 - .388 4 -19 - 7.3 10/25/68 KCF-KCT = 150 2355 1.
3457933.3 416857.0 48 33 32 - 287 29 41 - - 06/26/40 KCT . 200 2400 13
3457925.5  416848.9 54 29 30 - 276 - 35 39 - 7.8 @7/24/68 KCT 220 2400 13
34568279.4 419734.6 96 63 201 - 323 292 239 - - 97/23/40 KCF-KCT 190 2315 16
3458287.2 419742.7 72 - 29 47 .= 299 87 63 - 7.6 ©7/265/68 KCF-KCT 190 2315 13
3459496.4 421845.8 89 39 8.5 - 334 40 28 - - 09/25/41  KCF-KCT 62 - 2210 1
345960@4.4  421837.9 111 33 35 - 415 52 68 . - 7.4 ©08/08/68 KCF-KCT ‘80 2210 1
3458256.1 421326.6 106 @ 54 179 - 330 307 182 - 7.8 ©08/20/47 KCT - - 160 2280 18
3458262.9 421333.6 97 49 175 - 276 - 340 189 - 7.2 @7/18/88 KCT 180 2280 18
34591790.3 422358.0 . 125 63 137 - b1@ 178 163 - 7.6 ©08/08/68 QAL-KCT 87 2186 13
3469211.6 = 421212.8 140 87 193 - 354 449 219 - 7.4 ©7/18/88 KCF-KCT 185 2230 16
3458893.9 421769.9 79 49 123 - 388 155 100 - 7.6 190/03/66 KCT 150 2250 13
. 3458271.6  422328.4 98 = 21 62 -+ 315 79 66 - 7.4 ©8/18/67 QAI-P 204 © 2180 1
3460951.7 423871.7 - 157 82 230 - 328 560 281 - 8.0 ©08/15/67 KCT-TrD 120 2200 i8
3468937.9 421256.3 - 97 52 220 - 329 300 260 - - 26/21/40  KCT ' 165 2240 8
3469009.5 422314.7 116 50 116 - 490 141 138 L= 7.4 08/08/68 QAI-KCT 54 2185 13
3458753.4 425072.1 91 654 239 - 332 331 237 @ - 7.7 12/20/87 KCF-KCT 128 2250 8
3463926.0 = 432024.9 519 310 1530 - 116 1760 - 2900 - 7.3 07/19/68 P 87 2249 6
7.6

3463997.7  429829.7 77 36 142 - 328 162 160 - ©7/19/68 QAI-P 139 2149 16
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Appendix 1 (cont).  Chemical composition of shallow ground water.

Land
. . . : . Sample eleva-
Lat. Long. ) ‘ ‘ Sample Formg- depth tion
(utm) (utm) Ca Mg Na K HCO3 SO4 Cl NO3 pH date tion (ft) (ft) A
3465885.0 - 431863.2 127 = 68 3508 - 332 384 5190 C - 7.7»‘07/19/68 QAI-P 166 = 2050 . 6
3457991.0 = 429747.7 74 38 125 - 281 . 19 262 - 7.6 12/19/67 KCF-KCT 286 2400 14
3461040.8  429077.2 78 43 342 - 362 338 - 327 - 7.8 12/19/67 KCT 136 = 2200 8
3453437.8 416573.5 - 72 20 21 - 278 21 33 - 7.2 ©8/14/68 KCF-KCT 147 2320 1
3453096 .4 418645.3 @ 78 - - 18 28 - 281 - 43 37 - - @7/05/40 KCF . 74 2290 1
3453096.2 418661.2 = 105 21 131 -~ 318 b1 227 - 7.3 ©8/14/68 @ KCF L 74 2290 14
- 3455908.1 421604.1 98 17 9 - 281 41 27 - - 95/24/48  KCF ) 12 2220 1
3455908.1 421604.1 89 18 21 - 307 30 38 So- 7.3 ©8/17/67 - KCF 11 2220 1
- 3457257.8 420707 .2 96 - 45 141 - 342 199 - 179 - - @7/23/40 KCT 110 2240 - 16
3456738.5 421997.6 .. 78 - 63 198 - 342 292 1890 - - 08/17/40 KCT 100 2230 8"
3456573.9 420658.0 89 44 159 - 315 266 160 - 8.2 08/17/67 KCT . 193 2270 16
3454972.2 426566.2 . 64 .28 18 . - 298 . . 24 27 - 7.7 ©08/14/68 KCF-KCT 269 . 2400 1
3449713.2 416543.8 69 39 82 . - 338 105 78. - 7.5 10/14/66 KCT : 200 2269 13
3452319.7 417439.3 87 24 163 - 284 37 275 - 7.5 ©8/14/68 KCT-TrD 265 2299 6
3451260.9 416875.5 128 81 420 -~ 348 628 - 475 - 7.4 ©8/12/68 KCT-TrD 300 22780 - 8
3451274.9 420481.8 84 64 189 - - 310 292 219 - 7.5 10/89/67 ~ KCF-KCT 168 2300 16
3449225.1 = 423988.2 86 21 23. - 284 42 45 - 7.5 108/909/67 KCF-KCT 369 2500 1
3450510.7 424530.7 141 78 425 - .329 627 470 - - 06/27/40 KCF.~ 260 2360 8
3450518.4 424554.7 126 - =71 = 403 - 327 5909 456 . - 7.6 ©8/12/68 KCF 261 - 2360 8
3449564 .6 427955.0 70 21 11 - 289 15 . .18 - 7.8 10/01/67 KCF-KCT 25@ = 2260 1
3445931.9 . 417908.0 - 43 33 43 - 267 . 54 . 40 - 7.8 19/14/66 KCF-KCT 3356 2400 13
3446733.2 420442 .0 56 29 - 18 .= 273 33 28 - 7.8 12/29/67 KCF-KCT ~ 333 2450 13
3446212.1 426579.6 76 - 16 156 - 282 18 23 - 7.8 ©9/985/67 KCF-KCT 320 2249 1
3452772.8 - "428770.9 69 28 47 - 289 14 - 87 - 7.9 ©9/01/87 KCF-KCT 112 2278 - .13
3448431.9 428408.6 77 17 16 . - 284 19 24 - 7.6. @9/05/67 KCT 236 2200 1
3451419.1 433503.4 91 18 14 - 329 13 27 - 7.6 08/28/67 QAI - 33 2180 1
. 3445221.5 - 429781.8 51 30 27 - 278 36 30 - 7.9. 89/01/67 KCF-KCT 335 2350 13
3444412.8 431307.9 66 22 26 = 270 30 39 - 7.7 ©9/81/87 . KCF-KCT . 259 2359 1
3444579.4 432519.1 58 = 27 33 - 281 36 - 28 - 7.6  09/06/67 . KCF-KCT 365 2459 13
3441508.3 = 426563.5 68 ~ 14 15 - 230 16 . 24 - 6.9. 07/12/61 = KCF 145 2270 1
3441524.2 426571.7 - 67 17 - 13 - 2561 18 21 - 7.8 .07/21/67  KCF . 146 2279 1
3439850.9 426700.2 72 18 9 - 278 13 14 - 7.6 ©8/28/67 KCF 136 2300 1
34430562.9 425947.7 97 17 26 - 337 - 29 31 - 7.9 01/21/67 KCF 140 2275 1
3439790.0 426991.1 47 - 20 - 17 . - 220 .18 21 - = 07/27/40 KCF . 120 2310 13
3439847.5 4265144.7 69 23 3 = - 279 - 36 © .38 - . 7.9 08/17/87 KCF 325 2330 1
3443357.9 429222,2 94 68 449 - 307 685 422 - 7.8 09/01/67 KCF-KCT .- 400 2400 8
3440969.3 428647.6 33 26 - 63 - .276 43 34 - 7.8 ©8/28/87 KCF 240 2310 13-
3442103 .4 430120.4 88 . 18- 12 - 268 15 17 -. 7.8 ©09/01/67 KCF ' 220 2340 1
'34396965.7 428622.0 54 38 272 - 290 323 231 - 8.2 08/24/65 = KCF-KCT 445 2350 8
7.9 - 11

 3489038.4 - 476232.2 625 8623 8678 4.0 243 86008 618 - 2 - - - 8@ - 1720
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Appendix 1 (cont). Chemical cbmposition of shallow ground water.

. Land
. . » Sample eleva-
Lat. ’ Long. : : : . Sample Forma- depth tion
(utm) (utm)* - Ca Mg Na K HCO, so, cl NO, pH date tion (Ft)  (ft) A
3486447.3 = 478555.1 252 82 169 3.0 218 279 461 - 8.08 - S= 140 1789 14
3486477.9 481874.7 359 128 334 2.0 228 174 980 - 7.82 - - 85 1779 14
3481807.9 481999.8 229 .96 - 143 3.0 268 167 454 - 7.98 = - - 200 1785 14
3482382.8 470168.3 189 82 114 1.0 362 156 2386 - 8.38 - - - 40 1805 .18
3474618.7 485095.1 186 118 91 2.0 288 474 205 -  8.12 - . - . 100 1780 16
3472842.1 484211.2 188 115 192 2.0 304 465 367 - . 8.08 - - - - 18
3467649.1 484090.4 212 111 233 2.9 363 258 482 -- 7.85 : - 80 1860 14
3470852.8 478570.4 157 64 156 3.9 321 261 184 = - 8.900 - - 180 1860 16
3466054.5 - 474298.0 - 669 242 369 12.0 438 2040 639 - 7.77 - = 150 1925 15
3473277.0  463395.5° 268 97 - 243 4.0 214 161 735 - 7.72 - - 99 1865 14
3472682.1  463000.0 . 452 152 363 4.0 202 192 1310 - .7.58 - . = - - 14
' 3472492.6  456795.1 181 . 66 391 1.0 313 284 578 - 7.8 - - - - 6.
3472543.4 457944.1 448 139 732 2.0 318 402 = 1622 - 7.0 @ = - T 1850 14
3471182.8 458583.7 636 177 744 3.0 292 386 = 1970 - 7.83 . - - - .- 14
3469719.4  45854p.9 385 124 386 5.0 192 131 1239 - 7.78 - , - 99 1985 14
3466993.9  459361.8 - 188 89 232 3.9 461 113 479 - 7.89 - - 105 1920 14
3447778.8  448486.2 . - 73 30 259 8.0 379 180 211 - 8.31 - - - - 8
3465660.1  439390.4 ~ 90 .41 . 113 3.9 297 - 128 161 - 8.39. . - - 60 - 1979 16
3468625.4  441935.1 212 89 . 422 4.0 399 318 712 - 8.13 - - 100~ 19890 6
3469324.4 441864.6 498 - 185 1770 12.0 333 432 3380 - - 17.55 - - © 85 1970 6
- 3487587.8  460072.1 560 263 | 978 13.0 206 462 . 2650 -. 8.01 - - 85 .- 1905 14
3488019.6 468775.5. 519 223 220 . 7.4.232 753 1060 = - 8.03 - = 240 - 1910 14
3493950.1  444024.8 = 280 192 284 2.0 293 225 976 - - 8.07 - - ‘60 1985 . 14
. 3495226.5°  443836.2 921 491 7185 86.0 260 2070 11630 - 7.92 - - 200 - 1998 . . 8
3504994.6  437874.9 . 71 41 38 2.9 - 81 23 - 7.2 - ©28/26/83 KCT =~ - 100 2199 . 15
3478405.7  449037.3 = 120 7% 116 3.6 - 120 290 - 7.7 ©8/22/83  QLe-KCT 69 2080 14
3483898.1 471281.7 2080 ~ 84 120 3.6 - 1560 550 - . 7.2 ©28/29/83 QLe-PLC 60 1770 14
3451852.4  482931.4 59 33 15 1.4 - 71 21 - . 1.5 ©28/17/83  KCF- 201 2220 15
3601147.3  423775.0 81 21 8 1.3 - 13 “11 - 7.7 ©3/22/83 KCT 118 2199 2
3503698.2 . 436357.4 118 - 63 66 2.8 - 199 120 - 7.2 ©28/26/83 QLe 70 2095 15
" - 3603930.5 468446.8 - 97 70 74 4.5 - 119 190 - 7.3 ©28/18/83  KCT 176 2095 14
36506040.3 473135.6 310 79 180 7.2 - 1100 81 - 7.4 @8/18/83 ' PLC 238 2015 3
.3488630.3 434539.1 81 18 7 1.8 - 29 8 - 7.8 ©28/22/83  KCT 276 2337 3
3492473.5-  448922.5 94 37 24 1.6 = 22 48 - 7.2 98/23/83 . QLe 100 1975 2
"3496451.7  460672.5 - 48 48 - 340 14.0 - 440 160 - 7.5 ©8/38/83  PGPR 200 2015 7
3489657.0 458289.3 180 120 260 7.6 - 150 800 - 7.2 98/30/83 PGPR 99 1946 14
3488890.5 467033.5 100 . 62 52 4.6 - 110 160 - 7.4 928/29/83 PLC 80 - 1850 14
3488007.8  478544.8 280 120 270 3.8 - 610 640 - 7.1 ©28/29/83 QLe 28 1735 14
3474018.2 461716.1 6588 236 860 6.0 - 400 2600 - 7.6 ©28/30/83 QLe-PLC 90 1876 14
3.3 - 140 599 - 7.3

3476006 .1 472676.90 ° 200 81 179 08/23/83 QLe-PLC 120 1832 14
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Appendix 1 (cont). Chemical composition of shallow ground water.

Land
Sample eleva-

Lat. Long. Sample Formg- depth tion
(utm) (utm) Ca Mg Na K HCO3 SO4 cl NO3 pH date tion (ft) (ft) A
3470791.1 440117.0 85 38 140 5.8 - 42 270 - 7.8 ©08/24/83 QLe 74 1990 ‘14
3470938.7 450830.4 = 270 150 590 6.1 - 1890 1500 - 7.1 28/25/83 PGPR » 39 1898 6
3465484 .7 442235.9 140 159 340 8.7 - 4790 650 - 7.5 98/25/83 QLe - 62 - 1976 14
© 3459081.9 440943.5 230 112 3390  13.0 - 220 939 - 7.3 28/24/83 QLe 80 2053 14
3470902 .4 458618.5 410 120 380 5.0 - 130 1400 - 7.1 28/23/83 QLe-PLC 80 1900 14
3464112.9 455056 .2 120 - 38 130 2.8 - 93 210 - 7.2 28/24/83 QLe - - 44 1983 14
- 3469760.5 484728.8 200 140 100 2.5 - 680 . 340 - 7.4 28/17/83 PLC 100 1845 15
3449438.4  464348.0 100 10 36 1.9 - 25 40 - 7.3 ©8/17/83 KCF 100 2138 2
3442665.7 443012.5 656 41 1 716 14.0 - 589 750 - 7.7 28/24/83 KCT-PGPR 279 2308 8
3490697 .5 397432.9 55 17 9 2.9 - 13 12 D - 7.9 08/22/83 KCT 213 2568 2
3502771.2 421055.1 83 39 24 - 375 62 34 2.4 7.2 25/01/69 KCT 152 2330 13
3503001.7 422537 .4 98 62 2 - 27 194 61 2.4 7.5 05/21/69 KCT 159 2263 11
3503001.7 - 422537.4 965 69 32 2.0 328 179 68 7.1 7.8 068/22/79  KCT 169 2263 16
3502265.2 424211.1 111 71 34 - 199 353 . 87 2.4 7.6 25/901/69 KCT 113 2188 15
3502273.3  424195.0 143 67 32 - 298 231 162 3.4 7.6 ©@7/22/75 KCT 113 ~2188 4
3504331.9 436965.5 210 87 52 - 301 590 27 2.4 7.7 28/22/69 P - - 3
35604994.7 - 437883.0 66 43 34 2.0 395 64 20 - 8.0 95/15/85 KCA 100 2199 13
3504986.5 437867.90 87 44 - 35 - 491 64 21 2.4 7.9 26/22/79 KCA 100 2199 13
3504986.5  437867.0 75 - 43 38 - 382 85 27 9.4 7.8 ©8/06/74 KCA 100 2199 13
3504986 .4 437858.9 66 45 36 - 3986 . 71 22 9.4 7.5 28/22/69  KCA 100 2199 13
3503655.8 441664.9 71 26 - 10 - 342 10 9 4.8 8.1 26/21/79 KCT 80 2265 1

3583655.8 441664.9 74 26 9 - 338 11 14 7.0 7.6 87/22/75 KCT . 80 2265
3503663.6° 441648.8 68 29 9 - 325 19 13 7.9 7.9 28/14/69 KCT 80 2265 1
- 3504515.9 443810.1 89 31 12 - 383 17 7 13.8 7.5 28/14/69 QLe - - 1
3501949.1 451044.0 80 25 7 - 3560 11 7 9.4 7.4 28/14/69 KCT ) - - 1
3499540.7 469610.6 31 28 111 12.90 386 890 34 - 8.1 95/16/85  KCT 75 2198 5
3499540.9  459626.7 56 45 95 - 432 114 49 2.1 7.7 ©06/26/79 KCT 75 2100 13
3499540.8 459618.6 52 45 93 - 405 124 47 9.4 7.8 29/02/69 KCT 75 2100 13
3490286.1 416824.7 59 24 18 - 285 30 10 3.0 7.8 @7/22/75 KCT 117 2379 1
3490277.9 416818.8 52 .29 17 - 287 33 11 2.4 7.4 99/14/67 KCT 117 2379 13
3489809.7 407406.1 . 89 20 18 - 327 20 24 20.4 7.5 26/22/79 KCF-KCT 97 2445 1
3489817.8 407405.0 63 26 14 = - 253 21 18 12.6 7.8 27/22/75 KCF-KCT 97 2445 13
3488726.9 410687 .8 29 30 6 - 208 18 12 5.0 7.8 o1/25/68 KCF-KCT - - 9
3491873.3  426884.4 54 28 19 - 283 31 10 9.4 8.0 ©6/22/79  KCF 100 2381 13
3491857.1 426876.5 49 33 15 - 268 32 19 13.56 7.8 - ©9/08/69  KCF - 100 2381 13
3494266.6  425528.3 84 ‘18 8 - 318 12 12 .4 7.3 ©09/08/69 KCF . 169 2449 1
3488909.1 420457.1 = 52 28 30 - 279 87 14 9.4 7.9 ©9/14/67 KCT 120 2262 13
3496396.3 - 437780.1 84 64 38 - 384 121 87 4.9 7.3 08/19/50 QLe 66 2015 13
3497988.3 436952.0 92 59 54 - 417 140 68 16.8 - 03/15/60 P 90 2020 13

© 3494030.2  430781.0 87 42 31 - 345 80 24 9.4 7.5

09/168/69 KCT 245 2186 13

RO NDONDOONONNONNOOORORANNANNATANN NN



€6

Lat.
(utm)

3492909.7
3493834.3

3489146.9

3488278.1
3488330.9
3490108.3
3498455.5
3486432.9
3498354.9
3498354.9
3493646 .5
3493627.7
3493440.6
3478405.7
3481500.0
3481516.0

3481226..4

3481323.9
3480119.3
3480295.5

3479758.7 .

3479910.8

3479403.5

3471789.5
3471645.2
3481931.2
3482589.0
3482589.0
3482597.0
3482597.1
3482597.0
3482605.1
3482605.1

34825680.8°

1 3482007.2
'3483914.1
3483972.4
3482626.8
3483790.4
3484773.9

Long.
(utm)

' 430507.5

430558.5
437405.8
437189.5
437202.8

4454442
461242.1

454613 .4

466051.2

466051.2
478423.8

.478271.3

477220-.8

- 440037.3
. 458802.8

458794.7
458554.2

459180.6 -

459375.4
459085.9
459938.2
459600.6
458838.3
454569.4

' 454762.4

471975.8

‘471436.5
471436.5
471436.5

471444.5

471428.5 -

471428.4
471436.5
471300.0
469348.9
471273.7
472486.5

1 472693.3
473313.9
474017.9

126

Na

16

84
.88

170

68

154
145

133

166
127
239

99
283

157
550

250

- 600

457
441

135

159
202
200
217
225
221
222

219

215

1580
167
336.

259
287

- 194

1790

' HCO,

414
384
414

337

296
425

620

364
393
388
173
276
268
383
371

510

398

492

261
364
520
468

' 530

387

237

222
203

170

235
221

168

244

234

920
206
287

261
- 223

182
196

SO

18

133

83
66

234

47

656

612
12

. 500

252

142
1369

1770

8390

22
197
332

295
116

51
124
583
200

- 479

372
332
276

- 254

213
92
689

247

629
476

997
1613

Cl

11

266

46
66
239
191

508 -

422

299
620
326
445
170
430
340

1079

530

1280

940
960
196

- 309

660
6589
695

598

598
697
689
689

2730

448

877 -

750
964
541
341

w
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Sample
date

09/084/69
09/04/69

29/17/69
07/22/75
29/17/69
09/17/69

09/02/69

06/25/79
95/16/85

'96/26/79

28/05/69
08/05/69

98/05/69

95/15/85
10/06/70
10/06/70
10/06/70
10/07/70
26/09/71

 28/18/71
. 28/99/71

06/09/71
06/10/71
93/30/76
03/30/76
03/23/83
03/21/83

. 83/21/83

03/21/83
93/21/83
23/21/83
83/21/83
03/21/83

| 28/06/69

83/22/83
©3/23/83
©3/23/83
©3/24/83
93/23/83

83/22/83

Appendix 1 (cont). Chemical>composition of shallow ground water.

Forma-
- tion

KCT

KCT

- KCT

KCT
KCT
QAl

KCT

QLe

PLC

PLC
PLC-QLe

PLC-QLe.

PLC-QLe
QLe
QLe

QLe

QLe

" PLC

PLC

PLC

PLC
PLC

-QAT

QA

PLC-QLe
PLC-QLe
PLC-QLe

PLC-QLe

PLC-QLe
PLC-QLe

PLC-QLe

PLC-QLe
QLe

PLC-QLe
PLC-QLe

- PLC-QLe

PLC-QLe
PLC-QLe
PLC-QLe

(FY)

Land
eleva-
depth tion
(ft)

2175
21709
2185

2177

2177
1938

2138

1914

2073

2073
1800
1810

1825

2089
1845
1845

1850 -

1835
1846
1842
1815
1841
1842

1858

1855
1815
1805

1805

1805
1805
1805
1805
1805
1805
1808
1779

1805

1800

A

16
13

13

16

13
12
12

16
14
16

18

13

14

14

16

.14

14
14

14

14
14

14

16
14

14
14
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Appendix 1 (cont). Chemical compésition of shallow ground waﬁef.

Land
: o . ! ) : Sample eleva-
Lat. Long. ) v ’ » Sample Forma- depth tion
(utm) (utm) Ca Mg Na K HCO3 SO4 Cl NO3 pH date tion (ft) (ft) A
3482998.1 474329.9 488 146 196" - 198 1268 492 36.3 8.1 23/22/83 PLC-QLe 120 1816 -3
3481027 .4 474138.0 184 71 148 - ‘216 149 487 134.7 8.2 23/23/83 PLC-QLe 120 1830 14
3475999.0 475481.8 182 55 128 3.0 240 134 382 - 7.8 -~ ©95/14/85 QLe 98 1821 14
© 3475999.0 475497.1 228 50 173 - 228 182 . 499 .98.8 7.4 06/26/79 QLe 98 1821 14
34759908.9 475481.1 323 = 78 237 - 205 258 810 134.0 7.4 87/23/75 QLe . 98 1821 14
3476015.0 475472.9 182 69 . 123 . - 243 143 - 426 . 40.0 7.3 12/@06/72 = QLe .. 98 -1821 14
3475999.0 475489.1 202 66 141 - 228 151 466 68.0 7.4 12/10/71 ~ QLe 98 - 1821 14
3482045.7 477766.6 234 64 158 4.0 235 377" 399 - 7.8 95/14/85 QLe 123 1810 16
3482045.7 477758.86 - 194 = 68 166 - - 218 144 480 124.8 7.6 ©26/26/79 QLe-PLC 103 1810 14
3470612.9 451499.7 202 - 84 452 - 3563 326 870 9.0 7.5 - ©@3/30/76 QAI 24  -1885 6
~ 3457580.8 445259.5 91 22 18 1.0 377 23" - 18 - 7.8 ©5/15/85 KCT ‘ 65 2080 1
3457612.7 445243.3 98 - 20 12 -~ 3565 25 22 16.8 7.5 @7/23/75 KCT 65 2080 1
3457620.7 445243 .3 . 94 24 15 - }365‘ 20 17 18.5 7.8 29/22/69 KCT 65 2080 1
3470436.2 453775.8 94 31 . 184 - 245" 134 306 2.8 8.1 83/30/76 QA . 65 1882 ]
3470613.0 463743 .90 284 ° 58 520 - 333" 380 1020 4.4 7.3 03/30/76 . QAl 75 .1880 6 -
3470612.0 453453.6 320 54 405 - 323 265 960 3.4 7.2 '93/30/76 QA1 85 . 1885 14
3470702..9 455164.5 251 88 371 - . 384 305 820 15.0 7.4 23/30/76 QA 35 1880 14
3470862.8 455171.4 220 49 274 - 476 178 - 550 g.4 7.2 03/30/76 QA - 25 1890 14
3471027.5 454955.6 361 93 1099 - 499 1280 1366 - 36.90 7.1 03/30/76 = PGPR 31 ‘1880 8
3471009.5 469878.9 178 . 869 164 3.0 224 112 618 - 7.7 95/14/85 QLe 117 1862 14
- 3471020.2 469875.9 198 70 160 - 206 123 6584 65.86 8.3 ©6/26/79 QLe 117 1862 14
3468881.0: 474895.9 226 78 116 4.0 277 399 333 - 7.8 05/14/85 PLC:. 214 ‘1885 16
3460531.2  475676.1 95 39 48 - 379 89 87 9.4 7.8 10/07/69 QA - 50 1993 13
3462533 .4 478152.5 156 96 719 -..372 1020 . 710 3.5 7.5 190/07/69 QAl - - 8
3463247.0 488847.8 640 27 66 - 318 1299 164 2.4 7.2° ©@3/27/69 QAl 130 1895
3455622.0 438126.4 - 81 26 28 - 386 14 27 6.0 7.4 28/15/69 KCT 90 2120
3455743.5 438391.2 95 27 18 - 414 14 19 6.6 7.8 28/16/69 KCT 82 2120
3456027.6 439153.8 97 . 28 20 1.0 423 18 25 - 7.9 95/15/85 KCA - 85 2123
3456035.5 439137.7 119 25 23 | - 433 20 - 27 16.6 7.6 268/25/79 KCA - 85 2123
3456011.4 439129.7 104 29 18 - 399 15 43 16.9 7.6 28/07/74 . KCA- 85 2123
'34654060.2 439120.7 | 56 36 - 493 - 311 462 463 6.0 7.4 ©08/15/69 P 99 - 2193
3444496.9  435564.2° ~ 48 29 37 - 281 .32 .34 3.6 7.5 29/06/67 KCT . 360 2388 1
3447236.5 436222.9 48 30 21 - 285 24 21 3.8 7.6 99/05/67. KCT 216 2274 1
3443654.5 437467 .4 58 41 448 - . 307 479 388 3.8 7.7 09/06/87 KCF-KCT 450 2512
3445438.5 437692.8 64 24 19 - 287 19 24 8.5 7.8 09/06/67 KCF . 450 @ 2420
3446896.4 438268.2 - 70 19 11 - 299 4 19 2.4 7.8 256/13/69 KCT 190 2335
3453324.1 445395.4 20 27 443 - b589 36 425 2.4 7.8 96/22/869 KCT 150 2158
3450107 .2 442862.4 60 23 18 - 282 15 20 12.0 8.0  ©6/25/79 . KCT 177 2255
3450116.2 442882.3 87 -11 11 - 282 18 17 21.8 7.7 07/23/75 KCT 177 2265
2.4 7.7

. ) 00 03 G 00 B W

3450099.1 442862.4 62 23 - 18 - 294 13 - 24

©6/22/69  KCT 177 2255

QQQQQQQ@OQ@QQQO’050303QJO)O)OIQO?OIO)QQQQIOJOJ(DQQO)OJQQ@Q
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Appendix 1 (cont). Chemical composition of shallow ground water.

Land

i : Sample eleva-
. Lat. Long. Sample Formg- depth tion

(utm) (utm) Ca ' Mg Na K HCO3 SO4 (o] NO3 pH date tion ~(ft) (ft)

3446575.6  441078.7 75 11 6 - 249 12 12 18.8 7.8 25/13/69 KCT 190 2358
3444485.7 450047.5 . 108 14 12 - 363 . 16 22. 24.8 7.7 - ©7/23/75 KCF~-KCF 120 2147
3444501.7 450039.4 49 23 287 - 3563 181 259 0.4 7.6 08/05/69 KCF-KCF - 120 2147
3443922.9 450766.9 85 12 6 - 283 12 7 20.5 7.6 08/05/69 KCF-KCF 68 2148
3453478.2 460429.8 89 14 17 - 305 14 28 17.6 7.5  ©7/24/75 KCF-KCF 8@ 2083
3453479.2 460437 .9 108 25 23 - 423 19 23 16.5 7.8 28/25/69.. KCF-KCF 80 2083
3451158.9. 454942.9 63 17 11 - 229 18 22 19.8 7.9 05/22/69  KCF - 150 2172
3451424.7 4531990.6 146 31 40 - 412 42 121 16.86 7.5 05/26/69 KCF 60 2076
3451306.9  459991.0 84 26 22 - 285 16 33 9.0 7.8 98/26/69 . KCF © 180 2189
3449236.6 461012.3 87 22 20 - 289 17 25 11.5 7.5 08/25/69 KCF 220 2268
34446843.2 < 452478.5 89 18 35 - 3186 12 66 6.8 7.5 07/02/78  KCF - -
3444410.8  452520.7 86 19 37 - 3@3 12 - 68 7.0 7.4 08/06/69  KCF 35 2070
3444374.6 4653448.0 86 19 - 35 - 306 13 87 6.6 7.4 28/06/69  KCF 45 2087
3445406.1 452620.9 88 19 36 - - 315 12 85 8.5 7.4 87/02/70 KCF 30 2069
3445982.3 458800.8 82 11 10 1.0 278 11 18 - 8.0 25/156/85 KCA 200 2292
3445982.3 458800.8 76 17 10 - 285 19 15 11.6 7.9 26/25/79 KCA T 200 - 2292
3454501 .6 466452.7 75 14 17 - 2563 22 28 12.8 7.4 29/15/69 KCF-KCF - -
3455633.7 471879.6 79 - 21 21 1.9 244 36 43 - 8.0 25/15/86 KCT 110 2188
3455657.9 - 471887.4 75 23 26 - .256 38 48 26.8 ‘7.8 ©26/268/79 KCT 110 2188
3465641.7 471879.5 63 20 14 - 244 - 20 26 12.6 7.8 08/08/74 KCT 110 2188
3449455.6 464336.9. 78 19 16" - 306 16 = 23 11.6° 7.6 12/11/87 KCF 124 2145
3449357.9  468738.7 65 27 25 - 299 24 36 0.4 7.6 29/15/69  KCF 120 2252
3449455.6  475250.9 70 17 10 - 279 20 16 6.8 7.5 95/14/69 KCF 199 © 2231

3447669.7 472135.0 57 -+ 14 12 - 203 12 25 13.¢ 7.8 09/15/69 KCF - 176 2272
3454614.8 482898.9 81 - 19 9 . .- 287 8 24 19.6 7.6 29/23/69°  KCF 99 2127
3454986.3 484044 .1 68 21 . 6 - 268 11 7 28.5 7.6 09/23/69  KCF 114 2087
3464337.1 485109.9 88 27 14 - 328 63 20 0.4 7.3 ©09/23/69 KCF 100 2070
3451852.4 482931 .4 77 356 19 - 264 108 - 30 4.0 7.8 04/29/69  KCF 201 2148
3447985.2 483343 .9 61 30 19 - 234 79 12 2.5 8.0 04/29/69  KCF 2285 2184
- 3445800.2 478736.5 38 28 13 - 232 24 17 9.4 7.8 12/11/67 KCF. 201 2275
3445236.7 481311.4 - 58 26 8 1.0.290 8 10 - 7.9 ©5/15/85 - 210 2254
3442098.2 438028.8 47 30 10 - 260 18 18 3.0 7.6 09/06/67 KCF - 430 . 2579
3441524 .2 451059.7 81 19 26 - 295 26 38 14.0 7.6 12/11/67 KCF 89 2175
3443119.5 453454.8 .86 20 37 - 310 15 70 6.6 7.3 08/06/69 KCF-KCF 60 2096
3442409.9  459069.8 89 11 17 - 283 13 37 7.9 7.6 ©7/23/75 KCF 80 2163
3442413.8 459045 .4 7 20 22 - 299 16 - 35 8.0 7.5 ©08/98/69 KCF - 80 2163
3439708.9  472743.0 44 22 9 - 222 10 12 8.0 7.8 07/22/65 KCF - -
3439701.3 474710.7 63 20 10 - 246 11 14 1.6 7.2 '08/10/65 KCF - -
3442082.0  476922.2 48 27 14 -~ 256 17 19 2.6 7.7 04/28/69 KCF 226 2334

7 480680.8 @~ 52 = 31 9 . - 285 17 19 1.6 8.1

- 3442483, . 85/14/69 KCF 236 - 2238

-

-
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Appendix 1t (cont). Chemical composition of shallow ground water.

Land
: ) . . Sample: eleva-
Lat. Long. \ v ! : ' Sample Forma- depth tion
(utm) (utm) Ca Mg Na K HCO3 SO4 - Cl NO3 pH -~ date tion (ft) (ft) A
3442491.7 480580.7 40 32 12 - 2569 23 20 8.4 8.3 ©06/26/79 KCF 235 - 2238 9
3442519.3 480628.8 - B7 . 28 11 - 278 - 23 18 2.0 7.8 ©7/24/75 KCF 235 - 2238 1
3490917.5 380359.8 54 34 28 - 218 © 105 25 17.0 7.8 ©3/08/66 KCT - Co- 13
3489853.8 381019.56 ‘64 30 22 - - 287 49 21 5.0 7.7 03/08/66  KCT o= - 13.
3488878.8 380697.9 89 . 27. 19 - 300 33 30 2.4 7.1 09/28/67 KCT 127 2474 1
-3491389.5 392002.8 . 43 24 13 - 224 " 19 17, 6.6 7.6 91/23/68 KCF-KCT 185 = 2446 13
3491381.8  392019.0 44 24 14 - 228 19 17 8.6 7.7 ©6/21/79 KCF-KCT 106 2446 13
3491389.5 392002.8 46 24 13 - 232 17 17 8.0 7.6 ' ©7/22/75 KCF-KCT 105 . 2446 13
3488722.3° 386213.1 49 29 17 . - .248 - 37 20  11.5 7.9 21/23/68 KCF-KCT 122 2481 13
3489401.8 386746.1 42 29 17 - 224 25 21 13.6 7.6 23/13/69 - KCF-KCT - - 13
., 3489191.3 - 396489.7 @ 52 31 20 - 267 36 - 25 8.8 7.8 26/21/79 KCT . - - 13 -
3489191.3 396489.7 54 31 17 - - 268 - 37 25 9.8 7.7 . ©7/22/75 KCT s = - 13
3489199.4 - 396489.6 50 35 18 - 275 44 25 6.5 7.4 09/28/67 KCT - - 13
3489452.2 398923.90 49 27 21 - 242 24 31 18.5 7.7 29/22/67 @ KCT . 128 2480 @ 13
3489699.6  402666.6. 59 - 31 19 -. 283 39 33 9.4 7.6 '03/06/68 KCF 244 2588 ~13

* - Stratlgraphlc unit: P - undifferentiated Permian; PLC - Clear Fork; PGPR - Pease River; TrD - Dockum;
KCT. - Trinity; KCF - Fredericksburg; QLe - Leona Formation; QAl - Quaternary alluvium 7

A - Hydrochemical facies: i - Ca—HCOs; 2 - Ca-Cl; 3 - Ca-SO4;‘4 - Ca-mixed-anion; 6 - Na—HCOa; 6 - Na-Cl;
7 - Na-SOA; 8 - Na-mixed-anion; 9. = Mg—HCOs; 10 - Mg-Cl; 11 -UMg-SO4; 12 - Mg-mixed-anion;

13 - mixed—cation-HCOS; 14 - mixed-cation-Cl; 15 - mixed-cation-804; 16 - mixed-cation-mixed-anion

B - Data source: 1 - Work Projects Administration (1941); 2 - Willis (1964); 3 - Pool (1972),
4 - Richter and Kreitler (1985); 6 - Lee (1986); & - Texas Natural Resources Informablon System
computerized and ‘open-file data v .
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vAppendix 2. Conversion factors from mg/L to kmeq‘/L..

- To obtain

97

Constituent Multiply By

Calcium cat? mg/L  4.99 X 102 mea/L
Magnesium I\/klg_"'2 mg/L 8.23 X »10'2 " megq/L
Sodium Nat? mg/L 435 X 102 meq/L
Potassium K+! mg/L 255 X 102 meq/L
Sufate 50,2 mg/L 208 X 102 meq/L
Chloride crt mg/L  2.82 X 102 meq/L.
Bicarbonate HC.O3’1 - mg/L 164 X 10'2 meq/L



Appendix 3 Depths to surface casing, to cement plugs, and to base of fresh water in 113
exploration holes that were abandoned longer than 25 years ago. Data were
compiled from records at the Railroad Commission of Texas for identification of

test site.
~ Surface Depth to Plugs e '
Casing/ (Sacks of Cement @ ft) Depth to
Well e Base of
: Year Depth First Second Third - Fresh
ID  Abandoned (ft) Plug Plug  Plug Water* Lease
1 1952 457/7011 10@top - 500465 100@ 900 250 W.F. Williams
2 1954 254/3504°  35Qtop ' : f 200- J.F. Kennemer
3 1956 252/6610 70100 70 640 .?7@5240 - 250  Llano Cty S.L.
4 1955 596/6875 5@top  25@ 620 2506600  250-300 - Llano Cty S.L.
5 1951 2904/6580  15@top  50@ 290 . 50@ 350 250-300 - Llano Cty S.L.
6 1958 302/6503 15@sc » ‘ ' - 250-300 . E.M. Baker
7 1950 167/5792 - 5@ 10  30@1050 = 35@5670 150 ~ - J.W. Johnson
8 1957 315/3460 30top - 12031037  30@3440 150 J.W. Johnson
9 - 1957 327/3486 3@top = 12@ 3107  30@3440 150-200  Johnson "A”
10 - 1952 218/5505 Cement in surface casing - 150-250 J.W. Johnson
11 1955 163/5410 5Qtop =~ 10@ 163  20©2000 . 275 . Meadow Est.
12 1951 288/5402: ~ 10Qtop  20©2000 - 20@3000 200 ~ J.E. Kaparik
13 1956 215/5537 20top. .20@ 225 200-300 -~ J.W. Johnson
14 1959 350/5278  5@top  50@ 360  25@1800 200-350  J.W. Johnson
15 - 1960 . 164/5430  5Qtop  10@ 160 15@1800 200 . J.W. Johnson
16 1955 217/5948  Cement at 217 3 175-300 E. Straach ‘
17 1958 ?/5729  10@top = 25@bsc 25@5729 150-478 - Llano Cty S.L.
18 1954 421/6220  15Qtop . 20@3825 4006284 < 150-175  Llano Cty S.L.
19 1952 712/7015  5Q@top  10@ 698 . 2507015 200-350  M.M. Compton
20 1954 213/7060 3@top  23@ 254 -+ 20@7015 250-300 - A. Mayer Est.
21 1957 218/5610  25@sc 25@ 600 25@5200 150-200 - P.H. Demere
22 1934 0/ 714 1007 ' ~ 150-200 J. Willeke
23 - 1952  486/5802 . 10Qtop  50@ 500 2505250 200 - Blaylock
24 1954  496/5515 - ?@110 703636 705500 ©200  O.). Bubenik
25 1959 623/5563  125Q750 ‘ , 200 H. Byrd
26 1961 163/5801 5Qtop 120@7 - ' : 200 - Boys Ranch
27 1953 -~ 215/5860  15@top  25@1200 3505200 200 - E:H. Jones
28 1950  514/5770  100@top 25@1940 5002550 ¢ 200 E.H. Jones "A”"
29 1960 - 112/5785 ~  5Q@top  50@ 132 2505785 200-250 - M.D. Bryant
300 1952 103/5612  190@500 60@5600 - 250 -~ W.E. Schulkey
31 1952 235/3566 - 10Q@top 25@3566 - 150-200  Wash. Cty. S.L.
32 1955 473/6245  10@top 7@ 540~ ?7@5421 300-400 = C.D. Atkins
33 1957 454/6855 10025 35Q@ 504 3505319 400  C.D. Atkins
34 1954 490/7010 ©  20©520 15Q@6500 300-400 ~ C.D. Atkins
35 1950 224/7015 = 25@250  25@4990 350-450 C.D.&C.L. Atkins
36 1948 479/7329 ~  20Q@top - 10@ 485 6506710 450 . C.D. Atkins =
37 1951 278/5758  10@top ~ 25@ 270 - 25@920 - 400-500 Jacobs
38 1958 500/5574  25@525 v . 300-500 L. Anson
39 -1951 422/5850 5Qtop  25@ 445 3005850 - 300-500 K. Harris
40 1961 420/4842° . 10@top  15@ 450  ,25@4840 300-500 - M.H. Griffith
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Year

ID Abandoned

n 1953
42 1950
43 1954
44 1954
45 1960
46 1956
47 1954
48 1954
49 1057
50 1949
51 1954
52 1958
53** 1055
54 1952
55 1958
56 1956
57 1957
58
50 - 1954
60 1950
61 1953
62 1956
63 1954
64 1954
65 1954
66 1955
67 1959
68 1961
69 1960
70 1949
71 1956
72 1961
73 1952
74 1961
75 1050
76 1953
7 1961
78 1953
79 1957
80 1955
81 1048
82 1953
83 1953
84 1960
85 1953
86 1949
87 1954

88 1959

- Surface

Casing/
Well

- Depth

(ft)

300/6003

330/6000

© 400/5975
315/6257

431/5725

352/5522

265 /5405

- 274/6350

1806066

270/6524
22476402

323/5500
100/6212

©208/6105

102/5241

 97/6462
243/6302

456/

180/5110

397/6225
370/7169
349/5307

175/3400
1129/6500
143 /7152

240/5950
233/5825

224/5048

1564994

1 273/6149

189/5649
157 /4740

230/4799
303/4780

121/4844

333/5442

136/4665
150/5010
253/4992
175/5914

280/5821
203/4565

210/4700

204/4230
216/4677
240/5330 -

249 /4866

170/4640

Appendix 3 (cont).

. Depth to Plugs
(Sacks of Cement @ ft)

First.

Third

. Second "
"~ Plug Plug Plug
. 50@450 - 3804885 25@5400
‘15@top  10@ 330 '
5@top  25@ 400
.. not reported ,
10@top . 10Q@ 415 1504950
10@top  40@ 400
10@top  25@ 265 2504770
250296 - '
250240 2503420
10@top  25@ 300
25@top  25Q@ 245 80@6250
10@top = 50@ 325 - 100@2400
5@top 5@ 100 2004880
~10@top -20@ 220 2002100
10@top - 25@ 102 10@4800
- unknown o
10@top 25@ 320 . 25@2250
Halliburton ret. @ 5928
not reported
50@390 - 35@5279 o
15@top  50@ 385 5001600
55@top -~ 15@ 400 2003350
~ 70175 702675  ?@3350
'10Q150 1502048 15@5000
5Qtop  25Q@ 150 2502300
10@ 12° 500 310 5005020
70 48 7@ 141 701700
5Q@top - 30Q@ 280 40@1000
25@top 250 150
5@top . 20@ 320 25@ 7
3@top 250 229 ,
10@top ~ 20@ 200 200@4410 -
7@top 7@ 250 704799
100top  15@ 303 25@4400
20@top  30@ 800 - _
25@top .75@ 400 . 100©1950
10@top 25@ 136 25@3990
100150 - 15@1500 ‘
5@top  25Q@ 425
? LT 7
10Q@top 7@ 280 , -
5Q@top  15@ 115 15@4015 -
100210 - 35©@2000 ‘
10Qtop  25@ 240 2502000
10Q@top  25@ 216 56@1800
250248 2504600 .
10@top  25@ 260 2504321
250195 '
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‘Depth to

Base of

Fresh
Water*

300-500

- 300-500

400-450 .
- -400
-400
-400
-400
-400

. 150-400

150-400
150
150
150

150-328
150

150-328 -

150-200

- 150-200

200

200
200

200

1200-328

150
150
150-350
150-350
150-350
150
350
250-375
250-375
300-350

1200-350

200
150-200
150-200
150
150
150
150

.200-250

200-250 -

200-250

200-325

1250-375

250-325

waoo
<mmm

Lease

~W.A. West

W.A. West
P.E. Jemeyson
J.W. Johnson
Johnson

H. Holiman .
J.W. Johnson
J.W. Johnson

-Johnson Est.

J. Scherz

- Johnson ,
Wash. Cty. S.L. .
" Wash. Cty. S.L.

Wash. Cty. S.L.
J.D. Eaton

~ N. McGowan
‘F.R. Butler

Nasworthy
T. Nasworthy

-J.N. Brannan

W .R. Schwartz
W.R. Schwartz
D.W. Hair
Parsons
Stanford =

R. Walling
A.W. McGowan
J. Simcik

A. Hennig
R.C: Jones
A.J. Schniers
J.D. Robertson
J.W. Green
J.W. Green

‘M. Kent .

Malone "209”

‘Rust

Rust

- C. Malone Est.

" Rust
Rust
Rust

V. Holik

O.B. Sparks

J.H. Halfman

F.J. Holik

Wood

F.J. Holik



Apb.endix 3 (cont).

Depth to Plugs

100

Surface ,
Casing/ (Sacks of Cement @ ft) Depth to.
, Well - . ' Base of
_ Year . Depth First Second Third Fresh
ID  Abandoned (ft) Plug Plug Plug Water¥ = Lease
89 1959 - 247/4400 7Q@top - 15@ 240 5004400 325 Hohensee
90 1956 247/5255 - 15Qtop 7@ 275 . 35@4400 225-325 P. Hohensee
91 . - 100187 . 2004682 225  M.E. Davis
92 1951 205/4769 - 25@top and bottom - 225 M.E. Davis
93 1954 216/4875 Cement 200-225  "G.O. Davis
94 1956 259/5254 5@top  10@ 259 25@4500 . 200 Davis
95 1959 . 137/4609 200180 8002240 50@3630 150 J.D. York
96 1959 170/4590 250195 - 200 C.S. Callahan
97 1961 172/4796  10Q@top = 15@1500  10@2800 - 200-225 J.J. Schiller -
98. 1949 - 21605775 not reported : ’ 325 - T.C. Wood
99 1961 167/4836. 300240 50@1920 3004275 350 M. Lock -
100 1961 260/4805 10Q@top = 15@ 275 2501983 350 N.W. Little
101 1960 300/5357 5@top 10@ 315 - 2001850 200-350 F.A. Braden
102a 1957 184/4352 7@ 50.. ‘ 150-200 J. Dusek
-102b 1959 168/5028 ~ 10@top  40@ 168 n 150-200 J. Dusek
103 1957 -117/3910 .~ 15Q@top  35@ 135 75@3900 100-375 R.G. Fuessel
104 1949 100/4780 = not reported S 150  J. Molde
105 1954 192/5292 - Cement : 150-200 = L.V. Braden
106 1957 203/4889 10@top - 25@ 237 75@1600 150-250  O.M. Garvin
107 1954 148/4930 5@top 10@ 140  50@1700 150 E.L. Ford
- 108 1955 206/5110 5Q@top  10@ 220 28@1665 150-325 F.G. Rogers .
. 109 1961 302/5183 ?@top . 7@ 330 701820 250-325 K.L. Morrison
110 1955 264/5315 5@top - 10Q@ 217 2001850 200-325  K.L. Morrison
111 1957 175/4600.  10Qtop . 25@ 246 2501800 417 T.H. Williams
112 1960 105/4300 30top 25@ 120 50@1500 150 S.D. Childress
* As estabhshed by Texas Department of Water Resources depth values approxnmated from
' data reported by Richter and Kreitler, 1985.
** Test well 22



